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Abstract
Investigation of Nuclear Pore Complex Assembly and
Nuclear Envelope Growth in C. elegans Embryos
Michael Sean Mauro
2021
The nucleus is the defining organelle of eukaryotic cells and
compartmentalizes the genome from the rest of the cytoplasm.
Compartmentalization is achieved by the nuclear envelope (NE), which is
comprised of the inner and outer nuclear membranes. At fusion points are
nuclear pore complexes (NPCs), which facilitate the transport of macromolecules
across the NE. In metazoan cells that undergo open mitosis, the NE and NPCs
disassemble to allow for chromosome segregation. With the completion of
mitosis, the process must be reversed, and a new nucleus is formed. How
thousands of NPCs rapidly assemble to form a functional NE is not well
understood. Post-mitotic NPC assembly is initiated by the chromatin binding
protein Elys and is followed by the recruitment of fenestrated ER membranes that
contain pre-assembled NPC subcomplexes. Transmembrane nucleoporins are
present on these ER membranes, but their function specifically during postmitotic NPC assembly is unknown.
In my thesis work I focus on the role of the conserved transmembrane
nucleoporin Ndc1. Using the highly stereotypical one- and two-cell stage C.
elegans embryo I first characterize a novel deletion allele of ndc1. Embryos
lacking ndc1 experience a high degree of embryonic lethality and smaller brood
sizes. Fixed and live cell imaging reveals ndc1D nuclei contain lower levels of

inner and outer ring nucleoporins at the nuclear rim, suggesting defects in NPC
assembly. Furthermore, depletion of ndc1 also decreases nuclear import and in
turn nuclear size. Additionally, the reduced nuclear size of embryos lacking ndc1
can be partially rescued by overproduction of ER membranes, suggesting that
decreased nuclear import resulting from decreased post-mitotic NPC assembly
can be compensated for by providing additional membranes.
To specifically investigate Ndc1 during post-mitotic NPC assembly, I next
examined NE reformation after the first mitosis of C. elegans embryos. By 3D
analysis of electron tomograms of nuclei immediately following NE formation, I
observe ndc1D nuclei contain approximately four times fewer holes
approximately the diameter of nuclear pores when compared to control.
Additionally, initiation of nuclear import is delayed, and total accumulation of a
nuclear import reporter is decreased after depletion of ndc1. I go on to show
Ndc1 is required for the stable incorporation of the outer ring (scaffold
nucleoporins) during this process of assembly. This suggests that Ndc1 is
required for post-mitotic NPC assembly. I also find that Ndc1 itself is highly
mobile at the NE and serves as a dynamic adapter to drive the self-assembly of
NPCs after mitosis. Reduction of the Ndc1 binding partner, Nup53, phenocopies
loss of Ndc1, but is more severe. Reduction of both ndc1 and nup53, completely
inhibits NE and NPC formation. Taken together this suggests that Ndc1 is
required for post-mitotic NPC assembly and that Ndc1 and Nup53, at least in
part, independently regulate NPC assembly to ensure the formation of a
functional NE. Together, my thesis work has thoroughly characterized the role of

Ndc1 in the early C. elegans embryo during post-mitotic NPC assembly and
nuclear expansion.
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Chapter 1: An introduction to the nucleus

1

Compartmentalization of the cell: organelles
Compartmentalization of different cellular functions into membrane-bound
organelles is a defining feature of eukaryotic cells. While intracellular structures
such as the nucleus were observed by light microscopy hundreds of years ago,
precise details of their structures and compositions remained elusive for years
(Figure 1.1; (Brown 1833)). Tremendous insights about intracellular structures
were gained when George Palade and others harnessed the power of transmission
electron microscopy to peer inside the cell. Using this approach, they were able to
see the structure of the endoplasmic reticulum (ER), the nucleus and the
mitochondria with never-before-seen detail (Palade 1952; Palade and Porter 1954;
Palade 1955, 1956; Whaley, Mollenhauer, and Kephart 1959). In parallel,
biochemical purification of the different organelles highlighted that each organelle
contains a unique protein and lipid composition (Alberts 2002). The information
gathered using transmission electron microscopy and biochemistry has been
invaluable to our understanding of how organelles are able to maintain their
compartmentalization and specialized functions, but offered only a snapshot of
their static structure.
With the advancement and improvement of live cell imaging, the dynamics
and behaviors of organelles can also now be examined. Rather than static
structures, organelles are highly dynamic— the ER moves along microtubules
(Friedman et al. 2010), mitochondria undergo fusion and fission (Westermann
2010), and nuclei grow as cells increase in size (Jorgensen and Nicholas P.
Edgington 2007). Even decades after Palade’s initial observations, fundamental
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questions about these structures remain; how are their structures and
compositions established and maintained? What is their evolutionary origin? How
is their size governed? How is transport in and out of these organelles facilitated?
With the recent rapid advancement of imaging technologies, such as super
resolution microscopy and increased sensitivity of biochemical assays, in
combination with the genetics of model organisms, we will surely gain key insights
into these questions.
Structure of the nuclear envelope and nuclear pore complex
Nuclear envelope structure, lipid composition, and proteins
Nuclear compartmentalization is achieved through the formation of the
nuclear envelope (NE), which is composed of two parallel membrane sheets
(Figure 1.1; (Hetzer 2010)). The outer nuclear envelope (ONM) and lumen of the
NE are contiguous with the ER to form one membrane system (Matsuura et al.
1983). In contrast the inner nuclear envelope (INM) has a unique protein
composition and interacts with the nuclear lamina (Hetzer 2010). At points of fusion
between the inner and outer NE, are the nuclear pore complexes (NPCs), which
act as the selective gateway between the cytoplasm and the nucleoplasm (Figure
1.1; (Hetzer 2010)).
The ER itself is comprised of two main structures, membrane sheets, near
the nucleus, and membrane tubules, near the periphery of the cell (Figure 1.1;
(Fagone and Jackowski 2009)). The ER is a major site of phospholipid synthesis,
and

the

ER/NE

is

mainly

composed

of

(~70%)

two

lipid

species,

phosphatidylcholine (PC) and phosphatidylethanolamine (PE) (Casares, Escribá,
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and Rosselló 2019). The de novo synthesis of phospholipids relies heavily on the
phosphatase Lipin (Chen et al. 2015; Zhang and Reue 2017). Interestingly, a key
regulator of Lipin activity, CNEP-1 (CTDNEP1 in mammalian cells), localizes to the
NE in C. elegans suggesting that lipid synthesis might be locally regulated at the
NE (Han et al. 2012; Bahmanyar et al. 2014). From yeast to humans, alterations
in regulation of Lipin by CTDNEP1/CNEP-1 leads to changes in nuclear
morphology, such as oblong nuclear shape, or extensions of the NE (Kim et al.
2007; Bahmanyar et al. 2014; Peterson et al. 2011) (Merta. et al 2021). Taken
together this data suggests that the membrane abundance of the ER and NE is
specific to maintain proper nuclear morphology.
Proteins of the INM are also essential for maintaining nuclear shape and
integrity. One of the key structural components that regulates nuclear shape is the
nuclear lamina. The nuclear lamina consists of type V intermediate filaments,
arranged in a meshwork to structurally support the NE, and connect the nucleus
to the cytoskeleton through the SUN/KASH proteins (Figure 1.1; (Gruenbaum et
al. 2005; Gruenbaum and Foisner 2015; Burke and Stewart 2013; de Leeuw,
Gruenbaum, and Medalia 2018; Leeuw, Gruenbaum, and Medalia 2017; Starr
2011)). The lamina is essential for counteracting with cytoskeletal forces that act
on nucleus; their loss can lead to NE rupture which causes the improper mixing of
the nucleoplasmic and cytoplasmic contents (Hatch and Hetzer 2016; Isermann
and Lammerding 2017; Celine M. Denais 2016; Shah, Wolf, and Lammerding
2017; Penfield et al. 2018; Earle et al. 2020). Another key component of the NE is
the LAP EMERIN MAN1 (LEM) domain class of proteins (Figure 1.1). These
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integral membrane proteins play multiple roles at the NE, including binding to the
nuclear lamina, providing mechanical support to the nucleus, tethering the DNA to
the NE and regulating the genome (Wagner and Krohne 2007; Wilson and Foisner
2010; Berk, Tifft, and Wilson 2013; Barton, Soshnev, and Geyer 2015).
While the above components are essential the maintaining the structural
features of the nucleus, the NPCs regulate the trafficking in and out of the nucleus.
The NPC is a large (100MDa) macromolecular protein machine with eight-fold
radial symmetry that is composed of ~1000 proteins called nucleoporins. The
nucleoporins are further organized into different subcomplexes that assemble to
form the modular architecture of the NPC and form concentric rings (Figure 1.2A
and B; (Hampoelz, Andres-Pons, et al. 2019; Lin and Hoelz 2019)). The symmetric
scaffold of the NPC is made up of the outer ring, also known as the Nup107/160
complex or Y-complex, the inner ring (also known as the Nup93 complex) and the
transmembrane ring (Hampoelz, Andres-Pons, et al. 2019; Lin and Hoelz 2019).
The asymmetric nucleoporins are members of the nuclear basket or the
cytoplasmic filaments and are essential for NPC function. The three structural rings
are discussed in depth in the following sections.
Outer ring nucleoporins
One of the best characterized sub-structures of the NPC is the outer ring,
also known as the coat nucleoporin complex (CNC), Nup107/160 or Y-complex
(Figure 1.2A, B and C). The organization of the outer ring nucleoporins has been
characterized by cryo-EM studies, and other biochemical approaches, revealing
an organization of components in the shape of a ‘Y’ (Hsia et al. 2007; Debler et al.

5

2008; Leksa, Brohawn, and Schwartz 2009; Bui et al. 2013; Kelley et al. 2015;
Teimer et al. 2017). While it was originally unclear how the Y-shaped subcomplex
incorporated into the NPC as a whole, recent data suggests that the eight Ycomplexes come together head to tail to form a ring, rather than span from the NE
membrane into the center of the pore (Seo et al. 2009; Brohawn and Schwartz
2009; Frenkiel-Krispin et al. 2010; Bui et al. 2013). The Y-complex can selfassemble into its characteristic structure through a series of interconnections
(Lutzmann et al. 2002). In the absence of Y-complex components Nup160 or
Nup107, continuous nuclear membranes form around chromatin but do not contain
any NPCs indicating that the Y-complex is essential to NPC assembly (Harel et al.
2003; Walther, Alves, et al. 2003; Boehmer et al. 2003). In line with this, loss of
individual components (except for Nup107 and Seh1) causes embryonic lethality
in C. elegans (Figure 1.2D; (Galy, Mattaj, and Askjaer 2003)), highlighting the
critical importance of the Y-complex to the formation of the NPC. While the Ycomplex is conserved in yeast and metazoans, there are two unique differences
between them: 1) metazoan Y-complexes contain the chromatin binding protein
Elys, which is absent from most yeast species (Chopra, Bawaria, and Chauhan
2019), and 2) yeast normally contain only one Y-complex ring on each side of the
NE, while metazoans have two (Hampoelz, Andres-Pons, et al. 2019; Lin and
Hoelz 2019).
Inner ring nucleoporins
Another key group of the symmetric scaffold of the NPC is the inner ring
(also known as the Nup53/93 complex) (Figure 1.2A, B, and D; (Hampoelz,
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Andres-Pons, et al. 2019; Lin and Hoelz 2019)). A key constituent of the inner ring
is the nucleoporin Nup53. Nup53 contains an RNA recognition motif (RRM) that
facilitates homodimer formation and is required for the assembly of NPCs in in vitro
assembled nuclei (Handa et al. 2006; Hawryluk-Gara et al. 2008; Vollmer et al.
2012). In addition, at the C-terminal end of Nup53 is an amphipathic helix that
facilitates Nup53’s membrane binding and bending activity (Vollmer et al. 2012;
Eisenhardt, Redolfi, and Antonin 2014). In budding yeast, overexpression of
Nup53p leads to over proliferation of nuclear membranes, further indicating that
Nup53 has a membrane activate at nuclear pore membranes (Marelli et al. 2001).
Nup53 interacts with other nucleoporins, including Nup93, Nup205, and Nup155
and is thought to act as a linker between the inner ring and the pore membrane
through its association with the transmembrane nucleoporin Ndc1 (HawrylukGara, Shibuya, and Wozniak 2005; Patel and Rexach 2008; Onischenko et al.
2009; Eisenhardt, Redolfi, and Antonin 2014; Linder et al. 2017; Grandi et al.
1997). Interestingly, in C. elegans, a mutant allele of Nup53, which deletes aa 217286, a large portion of the RRM domain, is still partially viable and produces nuclei
that contained reduced mAb414 staining at the NE at the non-permissive
temperature, suggesting that this region is not essential for NPC assembly
(Ródenas et al. 2009). Other members of the inner ring (including Nup155 and
Nup93) are required for NPC assembly, further highlighting how essential this
structural subcomplex is (Franz et al. 2005; De Magistris et al. 2017; Galy, Mattaj,
and Askjaer 2003).
Transmembrane nucleoporins
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In vertebrates, the three main constituents of the transmembrane ring are
Pom121, gp210 and Ndc1; in budding yeast the main constituents are Pom34,
Pom152, Pom33 and Ndc1 (Figure 1.2A, B, and D; (Hampoelz, Andres-Pons, et
al. 2019; Lin and Hoelz 2019)). Pom121 is only present in vertebrates and is
required for NPC formation (Daigle et al. 2001; Doucet, Talamas, and Hetzer 2010;
Mitchell et al. 2010). In vertebrates, Pom121 binds to Nup160, potentially linking
the Y-complex to the NE (Antonin et al. 2005). gp210 (also known as Pom210), is
well-conserved, but is not consistently required for NPC assembly (Cohen et al.
2003; Eriksson, Rustum, and Hallberg 2004; Galy et al. 2008; Antonin et al. 2005).
In addition, gp210 is not constitutively expressed, and its expression pattern might
be linked to driving cellular differentiation rather than NPC assembly (Olsson,
Schéele, and Ekblom 2004; D'Angelo et al. 2012; Ori et al. 2013). In C. elegans
embryos depleted of gp210, NPCs assemble, but the mAb414 staining pattern
appears punctate at the NE (Cohen et al. 2003). Furthermore, depletion of gp210
in C. elegans delays nuclear envelope breakdown (Audhya, Desai, and Oegema
2007). Taken together this suggests gp210 is required for proper NPC spacing and
the proper dynamics of the NE.
Nuclear division cycle 1 (Ndc1) is a six-pass transmembrane nucleoporin
that is conserved from yeast to humans (Figure 1.2C and Figure 1.3; (Madrid et al.
2006; Mansfeld et al. 2006; Stavru, Hulsmann, et al. 2006). In budding and fission
yeasts, Ndc1 is essential to viability because of a role in the insertion of the spindle
pole body (SPB) (Thomas and Botstein 1986; Winey et al. 1993; Chial et al. 1998;
West et al. 1998; Chial et al. 1999; Araki et al. 2006). In addition to its role in spindle
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body insertion, Ndc1 has a conserved role in NPC assembly (Madrid et al. 2006;
Mansfeld et al. 2006; Stavru, Hulsmann, et al. 2006; Kind et al. 2009; Onischenko
et al. 2009; Yamazumi et al. 2009). In budding yeast, Ndc1 forms a redundant
interaction network with the other transmembrane nucleoporins (Pom34 and
Pom152) and Nup53/Nup59 to structurally link the NPC to the NE and stabilize the
diameter of the NPC (Onischenko et al. 2009; Madrid et al. 2006). In metazoans,
Ndc1 also interacts with Nup53, and this interaction contributes to the formation of
a closed NE in nuclei assembled from Xenopus extracts (Mansfeld et al. 2006;
Hawryluk-Gara, Shibuya, and Wozniak 2005; Hawryluk-Gara et al. 2008; Vollmer
et al. 2012; Eisenhardt, Redolfi, and Antonin 2014). Interestingly, in Hela cells
RNAi depleted for Pom121 and gp210, NPCs are still present at the NE (Stavru,
Nautrup-Pedersen, et al. 2006). This data suggests that Ndc1 can compensate for
the loss of other transmembrane nucleoporins. Thus, Ndc1 is the only
transmembrane nucleoporin with a conserved role at the NPC, however its function
in NPC assembly has remained elusive. While individual components of different
subcomplexes can bind directly to the NE, it is hypothesized that NPCs are
anchored to the NE by the transmembrane ring (Mansfeld et al. 2006). However,
this hypothesis has not been directly tested.
Stability of the nuclear pore complex
As a large macromolecular structure, a fundamental question regarding the
NPC is how stable it is within the NE. Fluorescence recovery after photobleaching
(FRAP) analysis on components of the different subcomplexes uncovered that the
structural rings (Y-complex, inner ring, and transmembrane ring) experience little
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recovery, suggesting that they do not readily exchange (Rabut, Doye, and
Ellenberg 2004). Not surprisingly, nucleoporins that are known to have secondary
roles outside of the NPC, such as Nup98 or Nup153, are more dynamic at the NPC
(Griffis et al. 2001; Daigle et al. 2001; Griffis et al. 2004). In addition to the many
interconnections of the NPC, components of the NPC also interact with the nuclear
lamina underneath the NE (Smythe, Jenkins, and Hutchison 2000; Daigle et al.
2001; Walther et al. 2001; Hawryluk-Gara, Shibuya, and Wozniak 2005; Dechat et
al. 2008; Al-Haboubi et al. 2011; Lussi et al. 2011; Guo and Zheng 2015; Xie et al.
2016). Taken together, NPCs utilize multiple connections to anchor themselves at
the NE and ensure proper nuclear transport.
Turnover of NPC components within the NPC is difficult to assay in budding
yeast using traditional microscope-based approaches because there is no lamina
and in turn there is a high degree of lateral movement of entire NPCs. It has long
been assumed that the transmembrane nucleoporins served as the anchor for the
NPC, and therefore immobile, but new data in budding yeast suggests it might not
be this simple. Recent metabolic labeling experiments showed that Pom152p and
Pom34p experience little turnover, Ndc1p appears to exchange much more rapidly
(Onishchenko et al. 2020; Hakhverdyan et al. 2021). At first glance this result
seems to contradict the observation that Ndc1 in FLIP experiments was highly
stable in budding yeast (Chadrin et al. 2010), but one possible explanation is that
the rate of Ndc1 turnover is simply slower than what could be observed using
conventional microscopy based techniques. Interestingly, one study found that
cells lacking gp210 had no change in the dynamics of Pom121 and Nup107,
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suggesting it did not serve as an anchor (Eriksson, Rustum, and Hallberg 2004).
To date, the dynamics of Ndc1 and its role as a potential anchor to the NPC in
metazoans has not been explored.
Functions of the nuclear pore complex
Nuclear transport
The chief function of the NPC is to regulate the selective transport of
macromolecules between the cytoplasm and the nucleoplasm, ensuring
compartmentalization is maintained. Facilitated transport through the NPC
requires either a nuclear localization signal (NLS) or nuclear export signal (NES)
and the interaction with nuclear transport receptors (Strambio-De-Castillia, Niepel,
and Rout 2010). NPCs limit translocation of molecules larger than 40kDa lacking
the proper signal by generating a diffusion barrier that larger molecules cannot
pass through (Schmidt and Görlich 2016). This diffusion barrier is comprised of the
phenylalanine-glycine-rich nucleoporins (FG-nucleoporins), which create a
hydrogel like environment in the central channel of the NPC that prevents
molecules above 40kDa from passing through (Frey and Görlich 2007). While the
FG nucleoporins facilitate transport of molecules through the NPC, they do not
control the directionality of the transport cargo.
The direction of nuclear transport is established based on the location and
nucleotide state of the Ras family GTPase Ran, where RanGTP is normally
nuclear and RanGDP is normally cytoplasmic (Madrid and Weis 2006; Wente and
Rout 2010). In the cytoplasm soluble transport cargo interacts and binds with
importin-a. In turn this complex is bound and escorted through the NPC by
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importin-ba. Inside the nucleus, the nuclear cargo is released when importin-b
interacts with RanGTP. The importin- b /RanGTP complex is transported out of the
nucleus where GTP is hydrolyzed to GDP with the help of RanGAP (Madrid and
Weis 2006; Wente and Rout 2010). RanGDP is then recycled back into the nucleus
by NTF2, where the guanine exchange factor RCC1 exchanges the GDP with GTP
thus ensuring the continuation of nuclear transport (Ribbeck et al. 1998; Bischoff
and Ponstingl 1991). The transport of transmembrane containing proteins integral
to the INM in some cases may occur in a similar manner in which regions facing
the nucleoplasm/cytoplasm are bound by transport machinery to facilitate their
translocation from the ER where they are synthesized past the nuclear pore
membrane to the INM (King, Lusk, and Blobel 2006; Laba et al. 2015).
Alternatively, a diffusion retention model has also been suggested for
transmembrane protein transport to the INM, where they are able to diffuse
between the ER and INM and are retained at the INM through their interactions
with other factors (Katta, Smoyer, and Jaspersen 2014). Nuclear export functions
in a similar manner by utilizing the RanGTP gradient, but in reverse, releasing its
cargo in the cytoplasm instead of nucleoplasm (Madrid and Weis 2006; Wente and
Rout 2010). At steady state, the number of NPCs is not limiting for nuclear
transport, but rather the ability of transport receptors to bind their cargo (Timney et
al. 2006), so the availability of transport receptors and cargo can determine the
steady state localization of proteins and other cargo.
Non-nuclear transport related functions
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In addition to their role at the NPC, some nucleoporins are required for other
cellular processes. During mitosis, the entire Y-complex is localized to the
kinetochore, but whether this pool is the same that was at the NE is unknown
(Belgareh et al. 2001; Loïodice et al. 2004; Rasala et al. 2006). Furthermore, loss
of the Y-complex member Nup107 had no impact on NPC assembly but prevented
the recruitment of other kinetochore specific proteins, including Aurora B kinase
(Ródenas et al. 2012). The cytoplasmic filament nucleoporin Nup358 localizes to
the kinetochore and is essential for microtubule-kinetochore interactions (Joseph
et al. 2004). In addition, in C. elegans embryos, Nup205 is lost in the areas of the
NE adjacent to the centrosomes, and this removal is required for the timely entry
into mitosis, suggesting Nup205 acts as a negative regulator of cell cycle
progression (Hachet et al. 2012). Nucleoporins in the Y-complex, Nup53-93
complex and Nup62 complex are also required for proper spindle orientation
(Schetter et al. 2006; Orjalo et al. 2006). Taken together, these data suggest that
many nucleoporins play multiple roles within the cell. Whether their original
function was at the NPC or in these other processes and were then repurposed for
the NPC is currently unclear.
Recently, components of the NPC, including Nup188, appear to have a
novel function in ciliogenesis during embryogenesis (Del Viso et al. 2016). There
is also growing evidence that suggests the NPC allows plays a key role in other
essential cellular processes such as transcriptional regulation, DNA repair and
proper mitotic progression (Rodriguez-Berriguete et al. 2018; Gaillard, SantosPereira, and Aguilera 2019; Raices and D'Angelo 2017; D'Angelo 2018; Ibarra and
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Hetzer 2015; Mackay, Elgort, and Ullman 2009; Lussi et al. 2010). Clearly the
functions of the NPC and its components span far beyond regulating nuclear
transport and future studies will be needed to dissect the individual contributions
at the NE and elsewhere in the cell.
Nuclear pore complex disassembly and nuclear envelope breakdown
Unlike fungi, which undergo a closed mitosis, metazoans must disassemble
their nuclear lamina, the NE, and NPCs, known as nuclear envelope breakdown
(NEBD), to facilitate chromosome segregation. The NPC is a massive
macromolecular machine and so with multiple interconnections that must be
broken for the structure to disassemble. Like many other proteins whose
binding/activity is modulated by phosphorylation state, nucleoporins contain
numerous phosphorylation sites that are targeted upon mitotic entry (Hampoelz,
Andres-Pons, et al. 2019). Two of the chief kinases that act during mitosis are
CDK-1 and PLK-1 (Enserink and Kolodner 2010; van Vugt and Medema 2005).
Nup98, which connects multiple subcomplexes together by serving as a “lynchpin”
or “gatekeeper” nucleoporin, is also a target of mitotic kinases to disassemble the
NPC (Laurell et al. 2011; Laurell and Kutay 2011; Linder et al. 2017). Nup53, a
component of the inner ring, has multiple phosphorylation sites that are targeted
by CDK-1 and PLK1 (Linder et al. 2017). Specifically, PLK-1 targets a specific
residue in Nup53 (S-314), which disrupts the binding between Ndc1 and Nup53,
and is thought to release the link between the inner ring and the nuclear membrane
(Linder et al. 2017). In parallel, CDK-1 targets another 16 sites all along Nup53,
disrupting its interactions with other members of the inner ring constituents (Linder
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et al. 2017). In C. elegans, the channel nucleoporins which are primed by CDK-1
recruit PLK-1 to phosphorylate multiple nucleoporins and disassemble the NPC.
(Martino et al. 2017). This suggests that the two major kinases collaborate to
ensure that the NPC is disassembled rapidly at the onset of mitosis to allow for
timely NEBD.
Interestingly, the disassembly of the various nucleoporins occurs rapidly
compared to assembly kinetics (discussed in the next section) but does not follow
the reverse order of assembly discussed below (Dultz et al. 2008). While it is not
currently well understood how the Y-complex disassociates from the NPC, recent
work shows that at least a subset of soluble Y-complexes remains assembled in
an octameric ring associated with ER membranes (Chou et al. 2021). More work
will be required to determine the exact order of NPC disassembly leading up to
mitosis.
NEBD is further facilitated by the phosphorylation and disassembly of the
lamin network, which resides underneath the INM (Ungricht and Kutay 2017).
Furthermore, remaining NE membranes are removed by pulling forces mediated
by microtubules and dynein (Beaudouin et al. 2002; Salina et al. 2002).
Interestingly, depletion of the Sun proteins, which link the nuclear membranes to
the cytoskeleton, delays nuclear membrane removal, further linking a requirement
for physical forces to facilitate NEBD (Turgay et al. 2014). Nuclear membranes and
INM proteins retract into the ER and restructure into membrane sheet like structure
during mitosis (Ellenberg et al. 1997; Yang, Guan, and Gerace 1997). With the
completion of chromosome segregation, this process must be reversed, and
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nuclear compartmentalization must be reestablished (Figure 1.4A and B). This
process requires post-mitotic NPC assembly (Figure 1.4B). Once NE reformation
is complete, NPCs continue to assemble in the NE using an interphase specific
NPC assembly pathway (Figure 1.4C and D). Both pathways will be discussed
below in the next section of this chapter.
Nuclear pore complex biogenesis
Nuclear envelope reformation and post mitotic NPC assembly
Post-mitotic NPC assembly is unique to metazoans and as such requires
proteins that are not conserved in fungi, which undergo a closed mitosis and thus
do not disassemble NPCs prior to cell division. Much was learned from in vitro
approaches utilized to study the process of post-mitotic NPC assembly. To mimic
the conditions of NE and NPC formation, naked sperm chromatin mixed with
Xenopus egg extracts recapitulates the process of formation of a closed NE, which
can be monitored until nuclei are reconstituted (Newport 1987). These studies
have been extremely valuable because they began to identify the key players in
nuclear formation. For example, one of the chief factors uncovered was the small
GTPase Ran, which establishes the gradient for nuclear transport (Bamba et al.
2002; Walther, Askjaer, et al. 2003). Furthermore, during mitosis, importins bind
and sequester nucleoporins and upon mitotic exit, RanGTP concentrated near
chromatin promotes the release of the nucleoporins from transport factors, so they
are free to assemble into the NPCs (Hachet et al. 2004; Bernis et al. 2014).
Interestingly, NE formation was allowed to proceed when RanGTP was adhered
to beads without the presence of DNA, suggesting that the function of RanGTP
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accumulation near chromatin is to ensure the genome is contained within the
nucleus (Zhang and Clarke 2000). Under normal circumstances, RCC1, the
guanine exchange factor for Ran, is bound to the chromatin and during NE
reformation ensures that only RanGTP is present around the chromatin (Bischoff
and Ponstingl 1991; Bilbao-Cortés et al. 2002).
The spatial cue for directing assembly of NPCs on chromatin is facilitated
by the chromatin binding protein and member of the Y-complex Elys. Elys initiates
post mitotic NPC assembly by recruiting the protein phosphatase PP1C (Figure
1.5A; (Franz et al. 2007; Galy et al. 2006; Gillespie et al. 2007; Rasala et al. 2008;
Rasala et al. 2006)). Specifically, in C. elegans Elys recruits the protein
phosphatase PP1C (Hattersley et al. 2016) and although the exact targets of PP1C
are not known, many nucleoporins are phosphorylated during mitosis and thus are
likely candidates for PP1C. In line with RanGTP being an essential factor for
providing a spatial cue for nuclear assembly, Elys’ localization was prevented
when Ran was depleted by RNAi in early C. elegans embryos (Fernandez and
Piano 2006). Furthermore, Elys is not found in many species of yeast and may
have evolved to specifically aid in the process of post-mitotic NPC assembly, which
doesn’t occur in fungi (Chopra, Bawaria, and Chauhan 2019).
Next, Y-complex components polymerize to form the stable scaffold of the
NPC (Lutzmann et al. 2002; Walther, Alves, et al. 2003; Rasala et al. 2008; Harel
et al. 2003). In parallel, ER membranes, which are highly fenestrated, spread
across the chromatin surface and various INM proteins contact and bind to the
DNA (Figure 1.5B; (Anderson and Hetzer 2007; Anderson and Hetzer 2008; Lu,
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Ladinsky, and Kirchhausen 2011; Bilir et al. 2019; Rasala et al. 2008; Haraguchi
et al. 2000; Schroeder et al. 2018)). Interestingly, EM imaging of Drosophila
reforming nuclei revealed the presence of potential NPC intermediates of varying
sizes, but it was difficult to directly confirm this hypothesis (Figure 1.5B; (Kiseleva
et al. 2001)). Recent data combining live imaging and EM tomography shows that
nascent pores begin as smaller holes with electron dense material at the center,
then increase in size as NPC assembly is completed (Otsuka et al. 2018).
Furthermore, work in mammalian cells showed that highly stable pre-assembled
Y-complex and inner ring components associate with fenestrations in the ER
during mitosis and template the assembly of the nascent pore upon exit from
mitosis (Figure 1.5C; (Otsuka et al. 2018; Chou et al. 2021)). Taken together, these
data suggest that holes present in ER sheets (Schroeder et al. 2018) can serve as
pre-pores to facilitate the formation of mature NPCs quickly after mitosis. The
diffusion barrier (FG containing nucleoporins) and asymmetric components
contribute to the final step of NPC assembly to establish nuclear transport (Figure
1.5D; (Dultz et al. 2008)).
Less is known about the role and hierarchy of the transmembrane
nucleoporins during NPC assembly, particularly how transmembrane nucleoporins
might function during this process. During NE reformation, transmembrane
nucleoporins are present in the ER membranes that spread across the chromatin
surface after Elys, and the Y-complex are recruited (Rasala et al. 2008). The
predominant hypothesis is that the transmembrane nucleoporins serve as an
anchor by linking the Y-complex and inner ring to the NE (Mansfeld et al. 2006). In
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vertebrates, Pom121 binds to Nup160, potentially linking the Y-complex to the NE,
but this is not evolutionarily conserved (Antonin et al. 2005). In addition, depletion
of Pom121 in U2OS cells reduces the number of NPCs, but not in the period right
after NE reformation. Furthermore, Pom121 is only found in vertebrates and not in
other species, including C. elegans. Taken together, these data suggest that
Pom121 is not a major player in post-mitotic NPC assembly.
In contrast, Ndc1 is the main conserved transmembrane nucleoporin and
thus is a potential candidate to have evolved to have an integral role in post-mitotic
NPC assembly. The N-terminus of Ndc1 binds directly to the C-terminus of Nup53,
a member of the inner ring that contains an amphipathic helix that binds and
deforms membranes (Mansfeld et al. 2006; Hawryluk-Gara, Shibuya, and Wozniak
2005; Hawryluk-Gara et al. 2008; Vollmer et al. 2012; Eisenhardt, Redolfi, and
Antonin 2014). In nuclei assembled from Xenopus egg extracts, this interaction is
absolutely required when Nup53 can bind and deform membranes (Eisenhardt,
Redolfi, and Antonin 2014). Interestingly, when a mutant form of Nup53 that cannot
bind membranes is added to the in vitro extracts, a C-terminal fragment of Ndc1,
that does not interact with Nup53, is sufficient to form closed nuclei (Eisenhardt,
Redolfi, and Antonin 2014). Together this data suggests that Ndc1 is required for
Nup53 to function properly and that Ndc1 itself might directly function in NPC
assembly outside of its association with Nup53, rather than simply anchor the NPC
at the NE.
In human cells, RNAi depletion of Nup53 and Ndc1 results in distorted
nuclei with lower levels of mAb414, a monoclonal antibody recognizing FG-
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nucleoporins (Mansfeld et al. 2006). In addition, loss of either Nup53 or partial
deletion of ndc1 in C. elegans leads to lower levels of mAb414 staining in fixed
embryos (Ródenas et al. 2009; Stavru, Hulsmann, et al. 2006). Furthermore,
transfected U2OS cells expressing an NLS-GFP reporter revealed depletion of the
transmembrane proteins Ndc1 delayed initiation of nuclear transport after mitosis
(Anderson et al. 2009). Taken together, these data suggest that Ndc1 may have a
role in post-mitotic assembly of NPCs, but a thorough in vivo characterization has
not been completed thus far.
Post-mitotic NPC assembly does not occur uniformly around the chromatin.
Post-mitotic NPC assembly begins at the outer edges of the chromatin, also known
as the “non-core” region, where spindle microtubules are not present (Liu and
Pellman 2020). It is hypothesized that NPC assembly in the core region utilizes a
distinct mechanism during interphase, which is discussed in the next section.
Interphase assembly
While thousands of NPCs are assembled after mitosis, the number of NPCs
during the cell cycle further doubles, suggesting that cells utilize mechanisms to
assemble more pores during interphase (Maul, Price, and Lieberman 1971). NPC
assembly into an intact NE presents a unique challenge: how can a pore be formed
between the two parallel sheets of the NE (Figure 1.6, compare step 1 to step 4)?
This process is also likely akin to the NPC assembly pathway in fungi, which
undergo a closed mitosis and must solve the membrane topology question. A key
initial step would thus be the fusion of the inner and outer NE to create a hole for
the nascent NPC to be assembled in (Bahmanyar and Schlieker 2020).
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A variety of factors have been identified as potential key players involved in
the earliest steps of interphase assembly and are discussed below. The
transmembrane nucleoporin Pom121 and the INM protein Sun1, which links the
nucleus to the cytoskeleton, appear to be required for the addition of NPCs during
interphase (Figure 1.6, step 1; (Doucet, Talamas, and Hetzer 2010; Talamas and
Hetzer 2011; Funakoshi et al. 2011; Fichtman et al. 2010)). In an in vitro NPC
assembly assay that specifically monitors the fusion of the INM and ONM,
depletion of Pom121, but not Nup133 (a member of the Y-complex), prevented
membrane fusion and thus was required at an early step of NPC assembly
(Talamas and Hetzer 2011). TEM immunogold labeling also showed that Pom121
localized to intermediate pore structures (Talamas and Hetzer 2011). Furthermore,
it is thought that Pom121 and Sun1 potentially span the lumen of the perinuclear
space, thus bringing the INM and ONM close enough to fuse together.
To visualize potential intermediate pore structures, EM tomography has
been performed on non-core regions of reforming nuclei from HeLa cells. EM
tomography of this area revealed that the INM begins to extrude towards the ONM,
potentially capturing the moments right before NE fusion (Otsuka et al. 2016).
Furthermore, super resolution microscopy and particle averaging of EM densities
at the base of this nascent pore uncovered that a Nup107 structure was found with
an 8-fold symmetry, but did not contain traces of Nup358, which is thought to be
recruited at the end of NPC assembly (Otsuka et al. 2016). This is in line with
previous work showing that Nup107 was localized to the nascent pore after
Pom121 (Figure 1.6, Step 3; (Doucet, Talamas, and Hetzer 2010; Dultz and
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Ellenberg 2010)). Interestingly, the recruitment of Pom121 spanned hours, while
Nup107 accumulate on the time span of minutes (Dultz and Ellenberg 2010).
Taken together, these data suggest that accumulation of Pom121 and in turn the
fusion of the two membranes might be a rate limiting step of interphase NPC
assembly.
While the fusion of the INM and ONM is an essential step in NPC assembly,
this process would likely generate membranes with high curvature, requiring
possible stabilization by membrane associated/binding proteins. Studies in yeast
and Xenopus extracts also showed that NPC assembly required the reticulon
proteins Yop1 and Rtn1 (Dawson et al. 2009). The reticulons are a family of
proteins that help to stabilize ER tubules (Voeltz et al. 2006; Yang and Strittmatter
2007) so it is not surprising they may also help stabilizing curvature of a nascent
pore, which is similar to edge of tubules.
Additionally, there are numerous components of the NPC that bind to
membranes through different domains and are capable of deforming membranes.
Nup153, a member of the nuclear basket, contains an N-terminal amphipathic helix
that it utilizes to interact with membranes (Vollmer et al. 2015). This membrane
interaction is not required for Nup153’s localization to the NPC or nuclear import
but is required for the interphase assembly by recruiting the Y-complex to the INM
(Figure 1.6, step 2; (Vollmer et al. 2015) Interestingly, this requirement was
bypassed when the Y-complex is artificially tethered to the INM of in vitro
assembled nuclei (Vollmer et al. 2015). These data suggest that rather than
stabilizing membrane curvature, the membrane interaction of Nup153 might simply
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localize it to areas devoid of pores and thus serve as a seed for where to begin
assembly of nascent pores. If a fundamental role of Nup153 is to recruit the Ycomplex (Vollmer et al. 2015) and the Y-complex is found in an 8-fold symmetric
structure at the INM (Otsuka et al. 2016), members of the Y-complex might play a
role inducing membrane curvature needed for fusion. How might the Y-complex
perform this function? One constituent of the Y-complex, Nup133, contains
an ArfGAP1 lipid packing sensor (ALPS) motif, which preferentially inserts into
membranes with high curvature, such as the opening of the pore (Drin et al. 2007).
Another nucleoporin with the ability to bind membranes is Nup53 and it is also
required for the interphase assembly of NPCs (Vollmer et al. 2012; Eisenhardt,
Redolfi, and Antonin 2014). Using two membrane binding regions, Nup53 deforms
membranes and induces tubulation of in vitro liposomes(Eisenhardt, Redolfi, and
Antonin 2014). Taken together, one possibility is that Nup53 uses these membrane
deforming abilities to induce curvature and drive membrane fusion during
interphase NPC assembly.
Recent evidence shows that Torsins, AAA+ ATPases with a variety of
cellular functions are involved in NPC biogenesis into the intact NE (Laudermilch
et al. 2016; Pappas et al. 2018; Rampello et al. 2020). Specifically, their removal
produces NE with large herniations that appear similar to, but are more extreme
than, NPC intermediates (VanGompel et al. 2015; Otsuka et al. 2016). Torsin’s
requirement in interphase NPC assembly could be suppressed by reduction of
Ctdnep1 or Nep1r1, which are regulators of the Lipin lipid synthesis pathway
(Jacquemyn et al. 2021). Surprisingly, this genetic interaction was not due to a
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change in the lipid composition, because reduction of lipin did not rescue this
defect (Jacquemyn et al. 2021).
While the use of in vitro assays has been extremely informative regarding
the key players during interphase NPC assembly, more in vivo studies will need to
be performed to better characterize the conditions and exact mechanisms through
which fusion and in turn assembly occurs. For instance, the NE has a very specific
lipid composition, and it remains largely unknown how this contributes to NPC
assembly (Bahmanyar and Schlieker 2020). Interestingly, a recent study found
Nup53’s recruitment to the NE during NPC assembly was altered when key
enzymes of the lipid synthesis pathway were over expressed, suggesting that lipid
composition is a key determinant in NPC biogenesis (Jacquemyn et al. 2021).
Another question however arises during interphase: how do cells know
where to put nascent pores and when to stop adding them? The density of NPCs,
although variable between cell types and developmental stages, is extremely
consistent (Maul 1977; Winey et al. 1997). Emerging evidence shows that TPR, a
member of the nuclear basket, acts as a negative regulator of NPC assembly
through the ERK and MAPK pathways (McCloskey, Ibarra, and Hetzer 2018).
A current question regarding the interphase mechanism is whether it is
utilized by rapidly dividing cells such as during early embryonic divisions. The
typical cell cycle length for a given cell is around 20-24 hours, allowing time for the
slow recruitment of Pom121. At the early developmental stages, the cell cycle
length is shorter than the predicted time for the early steps of the interphase
mechanism. However, it has recently been suggested that early embryos have a
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unique method of NPC insertion through a specialized subdomain of the ER called
annulate lamellae (AL), discussed below (Hampoelz, Mackmull, Machado, Lecuit,
et al. 2016).
Annulate lamellae
In addition to the NPCs at the NE, the presence of specialized ER
membrane subdomain that appeared to contain NPC structures has been
observed by EM studies for decades in different embryonic cells (Merriam 1959;
Swift 1956; Kessel and Beams 1969; Cruickshank 1972; Kessel 1981; Pitt, Schisa,
and Priess 2000). It was speculated that these structures served as a store or
reservoir for overproduced nucleoporins; however, their exact purpose and how
they are formed has remained elusive (Spindler and Hemleben 1982; Merisko
1989; Stafstrom and Staehelin 1984). In C. elegans embryos, potential AL are
observed adjacent to P granules, which are RNP phase separated condensates
and regulate germline development (Pitt, Schisa, and Priess 2000; Updike and
Strome 2010). Furthermore, P granules also associate with the NPCs at the NE to
extend the diffusion barrier of the pore and the nucleoporin Nup98 as well as other
nucleoporins are required for their formation (Voronina and Seydoux 2010; Updike
and Strome 2009; Updike et al. 2011). Whether the interaction of AL and P
granules is somehow specific as opposed to P granules simply interacting with
NPC structures, is difficult to distinguish because of the structural similarities
between AL-NPCs and NE-NPCs. Not surprisingly, AL disperse upon entry into
mitosis similar to their NE counterparts (Cordes, Reidenbach, and Franke 1996)
(Pitt, Schisa, and Priess 2000).
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In vitro analysis of AL formation highlighted that their formation occurred
independently of DNA, but the fusion of membranes and the addition of NPCs did
not occur when nonhydrolyzable GTP was added, suggesting an energy
requirement in their formation (Dabauvalle et al. 1991; Meier, Miller, and Forbes
1995). The formation of AL is dependent upon Nup153, an early initiator of
interphase NPC assembly and membrane binding protein (Vollmer et al. 2015).
Although the exact extent to which in vivo mechanisms are similar, is unclear
because Nup153 does not localize to AL in Drosophila embryos (Hampoelz,
Mackmull, Machado, Lecuit, et al. 2016; Hampoelz, Schwarz, et al. 2019). The
formation of AL in vivo is at least partially dependent upon Nup358, which forms
cytoplasmic condensates (Hampoelz, Schwarz, et al. 2019).
Fractionation experiments using Drosophila embryos showed that the
majority of nucleoporins exist in a soluble pool, calling into question the hypothesis
that ALs serve to store excess nucleoporins (Onischenko et al. 2004).
Furthermore, during Drosophila development, AL feed into the NE to serve as a
rapid source of membranes and NPCs (Hampoelz, Mackmull, Machado, Lecuit, et
al. 2016). The insertion process is at least partially dependent upon lamin, because
either expression of a mutant lamin with reduced protein levels or ectopic
expression of the lamin binding receptor leads to an accumulation of AL in the
cytoplasm (Lenz-böhme et al. 1997; Hampoelz, Mackmull, Machado, Lecuit, et al.
2016). Insertion of AL is also prevented in human embryos that arrested after
fertilization (Rawe et al. 2003). During mammalian cell nuclear reformation, ALs
also potentially serve as the source for large sections of the nascent NE (Ren et
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al. 2019). Taken together, these data suggest that AL play an active role in
supplying NPCs for the NE. Although the composition, importance, and some of
the factors required for the formation of ALs is becoming clearer, the exact
mechanism that is utilized for their in vivo formation remains largely unknown.
Origins of the nuclear envelope and nuclear pore complex
While the origins of organelles such as the mitochondria and chloroplasts
can be explained through the endosymbiotic theory, in which an ancestral bacteria
was engulfed by a eukaryotic ancestor, the origins of the NE and the ER are less
clear (Martin, Garg, and Zimorski 2015). Currently there are two main models for
how the ER and NE originated: the “outside-in” hypothesis and the “inside-out”
hypothesis (Dacks and Field 2007; Baum and Baum 2014; Otsuka and Ellenberg
2018). While each hypothesis arrives at a similar conclusion, a closed membrane
system around DNA with NPCs serving as the gatekeepers, they vary in the order
of events. In the “outside-in” hypothesis, the ancestral plasma membrane
invaginates in towards the DNA, eventually creating the NE. However, to prevent
the nascent NE from sealing off the genome from the rest of the cell, the high
curvature of the membranes would need to be stabilized and maintained by
membrane-deforming proteins. Interestingly, components of the Y-complex
(subcomplex of NPC), contain either a beta propeller or alpha solenoids, which are
shared domains of the COPII coat protein involved in vesicle formation, suggesting
that an original function of the nucleoporins might have been to stabilize the
membrane curvature (Devos et al. 2004; Devos et al. 2006; DeGrasse et al. 2009;
Brohawn and Schwartz 2009; Whittle and Schwartz 2009; Onischenko and Weis
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2011). Another key feature of the Y-complex in this context is its ability to selfassemble into a complete structure (Lutzmann et al. 2002). This potentially would
have allowed the complex to form the pseudo-coat protein on the curved
membrane. In the case of the “inside-out” hypothesis, the original plasma
membrane would have formed evaginations outwards towards the exterior
environment, and as they spread, they would have fused together creating a new
more external membrane that became the plasma membrane, and the original
plasma membrane would become the NE. In this scenario the ancestral NPC
components would have helped to stabilize the membrane fusion events and
create the gateway to the chromatin (Baum and Baum 2014). Interestingly, the
“outside-in” model shares similarities to the post-mitotic NPC assembly pathway
and the “inside-out” model shares similarities with interphase NPC assembly
pathway (Otsuka and Ellenberg 2017). Taken together this data suggests that
evolution of the NE was likely a combination or hybrid of both models.
Regulation of nuclear size
A long-standing question of cell biology is how cells regulate the size of their
organelles, specifically structures such as the nucleus, to ensure proper cellular
function. In an overview study of multiple species and developmental stages, the
size/volume of the nucleus tends to scale with the size/volume of cell itself (Conklin
1912). This constant relationship was later coined the “Karyoplasmic ratio”(Wilson
1925). Similar scaling relationships exist for other cellular structures and
organelles

including

centrosomes,

mitotic

spindles,

chromosomes,

and

mitochondria (Decker et al. 2011; Hara and Kimura 2009; Matthew C. Good 2013;
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Schubert and Oud 1997; Ladouceur, Dorn, and Maddox 2015; Ladouceur et al.
2017; Rafelski et al. 2012; Farhadifar et al. 2015). Given that these relationships
were robust across cell-type and structure, it was suggested that cells measure or
sense their size and adjusted accordingly. One way that cells could tightly govern
the size of structures such as the nucleus, without constantly measuring the size
of the structure, is through the limiting component hypothesis. Simply put, in a
closed system such as an embryo, the limiting component hypothesis states that
the final size a structure will be based on availability of subunits given that no new
subunits are synthesized (Goehring and Hyman 2012).
Which “factors” might serve as the limiting components in the regulation of
nuclear size is unclear, but recent work has explored DNA content, structural
components of the nucleus, nuclear import, and the availability of phospholipid
membranes, which will be discussed in detail below. In budding and fission yeast
nuclear size was more closely linked to cell size in a variety of different growth
mutants and continued to grow during the cell cycle, but even a large increase in
ploidy (16-fold change) did not impact nuclear size (Neumann and Nurse 2007;
Jorgensen and Nicholas P. Edgington 2007). In contrast, manipulation of DNA in
nuclei assembled with Xenopus extracts and in vivo embryos, revealed that nuclei
grew faster when DNA content was higher as well as when the DNA decondensed
(Heijo et al. 2020). These observations highlight potential embryo and speciesspecific differences with regards to the contribution of DNA content to nuclear size.
The nuclear lamina, which is comprised of different isoforms of intermediate
filament Lamin, is a key structural component of the nucleus. Removal of Lamin
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B3 reduced nuclear size of in vitro assembled nuclei using Xenopus extracts
(Newport, Wilson, and Dunphy 1990; Jenkins et al. 1993). In addition, loss of the
different nuclear Lamins also altered nuclear shape, making it a prime candidate
for a regulator of the “Karyoplasmic ratio” (Dechat et al. 2008). A comparative
analysis of nuclear size between two Xenopus species, showed levels of nuclear
import, specifically of Lamin B3, could override the relationship between cell and
nuclear size (Levy and Heald 2010). Interestingly, above a certain concentration
or Lamin B3 that was unable to form higher order networks within the nucleus
reduced nuclear size (Jevtić et al. 2015). In addition, phosphorylation of lamin by
the kinase cPKC, which is expressed more as embryogenesis progresses,
increases Lamin’s mobility and decreased nuclear size (Edens and Levy 2014;
Edens, Dilsaver, and Levy 2017). Taken together these data suggest that nuclear
size is highly sensitive to not only the amount of lamin present, but also if it is
incorporated into the Lamin network. Exactly how lamin regulates nuclear size
remains unclear, but one possibility is that it helps regulate the response to forces
exerted on the NE (Mitchison 2019).
In addition to limiting the levels of imported Lamin B3, reduction of bulk
nuclear import decreased nuclear size, suggesting that other factors might also be
limiting (Levy and Heald 2010). Through biochemical fractionation experiments the
histone chaperone nucleoplasmin Npm2 was identified as another regulator of
nuclear size (Chen et al. 2019). Nuclear import and nuclear size are further
regulated by the number of NPCs that are present at the NE, which is governed by
the nucleoporin Elys (Jevtić, Schibler, et al. 2019). During embryogenesis, the
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levels/expression/localization of many of these factors are altered, offering a
possible explanation for nuclear size decreasing with cell size during development
(Edens and Levy 2014; Vukovic et al. 2016; Edens, Dilsaver, and Levy 2017;
Brownlee and Heald 2019; Chen et al. 2019).
Another potential limiting component is the availability of the ER
membranes.

In

nuclei

assembled

using

Xenopus

extracts,

membrane

accumulation to grow the NE depends on microtubules and dynein (Hara and
Merten 2015). In vitro manipulation of the area surrounding assembled nuclei
affects the ability for nuclei to expand: when the area around the nucleus is
reduced past a certain point, nuclei no longer expand (Hara and Merten 2015).
Furthermore, during Xenopus embryogenesis, nuclear size does not scale to cell
size, but rather scales with the amount of perinuclear ER (Mukherjee et al. 2019).
This relationship was demonstrated using daughter cells from normally
asymmetric cell divisions and by physically cutting the embryo to reduce cell size.
In both cases the governing factor for the size of the nucleus was the ER
surrounding the nucleus (Mukherjee et al. 2019). The fact that membranes play
such a key role in nuclear expansion is not surprising given they are the
fundamental building block of the NE, however the coordination of growth and the
limits on the accumulation of membranes is an interesting area of research.
Budding yeast cells lacking Spo7p, one of the two regulators of lipin ( a key
enzyme of the phospholipid synthesis pathway) activity, experienced an overproliferation of membranes at the NE, but was not fully incorporated into the NE,
suggesting that extra membranes do not necessarily result in a larger nucleus
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(Campbell et al. 2006). In unbiased screens utilizing fission yeast to identify genes
that altered N/C, Spo7p and Nem1p were also uncovered, further implicating the
lipid synthesis pathway in nuclear size regulation (Kume et al. 2017; Cantwell Id
and Nurse 2019). Interestingly, expansion of the budding yeast NE can occur
independently of changes in nuclear volume (Walters et al. 2019), offering a
possible explanation as to the discrepancy between the two studies. An
outstanding question, however, is what drives membrane feeding to form the NE
in the first place. One possibility is that membranes flow in from the ER to the NE
due to colloid osmotic pressure that builds up within the nucleus, driven in part by
nuclear import (Mitchison 2019). To accommodate the increasing internal
pressure, membranes from the ER would join the NE to maintain the surface
tension pressures and thus the nuclei would expand in both surface area and
volume. Interestingly, in fission yeast the inner nuclear membrane protein Lem2p
may control membrane flow in response to changes in cellular membrane
availability (Kume et al. 2019). This suggests that cells are sensitive to the levels
of different resources, such as membranes, and they respond accordingly to
maintain a proper N:C ratio. However, how Lem2p serves as a valve or controls
membrane flow remains unclear.
Overall, these data suggest that nuclei have a 3D region around them which
they can utilize as a source of membranes and other components needed for
nuclear growth, and that this region has more impact on the size of the nucleus
than potentially the cell size. This observation holds true regardless of the “limiting
component”. In line with this, nuclei at the center of clusters in multinucleated
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fission yeast cells formed through multiple rounds of failed cell divisions and a
mutant strain of A. gossypii were smaller than their more peripheral
counterparts(Neumann and Nurse 2007; Dundon et al. 2016). In addition, nuclei
of muscle cells, which are in one large syncytium, are normally evenly spaced,
likely to ensure equal access to cellular resources (Roman and Gomes 2017;
Moffatt and Cohen-Fix 2019; Windner et al. 2019)
The nucleus, nuclear pore complexes and human disease
The relationship between nuclear size and cell size is well documented
(Conklin 1912). Alterations to this relationship are also associated with different
cancers including: lung carcinomas, (Petersen et al. 2009), pancreatic cancer
(Taira et al. 2012), and prostate cancer (Blom et al. 1990). Changes in nuclear size
are also a key diagnostic tool for physicians (Slater et al. 2005). In metastatic
cancers, smaller nuclei might allow for cells to migrate more easily through narrow
constrictions, thus conferring a selective advantage to these cells (Rizzotto and
Schirmer 2017). However, while it remains unclear whether changes in nuclear
size is a prerequisite for a diseased state or a byproduct, work in C. elegans
embryos, Xenopus embryos, is beginning to reveal that changes to nuclear size
itself impacts cellular function and developmental outcomes. In C. elegans,
reduction of nuclear size disrupts the attachment of the centrosomes, preventing
proper chromosome segregation and causing embryonic lethality (Meyerzon et al.
2009). Alterations to the N/C ratio in Xenopus embryos, by using haploid embryos,
delayed the timing of zygotic gene expression; in contrast, diploid embryos with
increased N/C ratios expressed zygotic genes earlier (Jevtić and Levy 2017).
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Although NPCs themselves are extremely stable, they too experience a
certain of decay and loss of function. In C. elegans and human cells, long-lived
nuclei have an increase in the amount of nuclear leakage that occurs, suggesting
that the diffusion barrier of the NPC becomes compromised (D'Angelo et al.
2009a). Furthermore, mitotically dividing yeast cells experience a decrease in the
levels of nuclear transport due to lower levels of nucleoporins and in turn lower de
novo NPC assembly (Rempel et al. 2019). Growing evidence also implicates NPC
defects, altered nuclear transport, or changes in nucleoporin gene expression with
a variety of neurodegenerative diseases (Li and Lagier-Tourenne 2018),
cardiovascular disease (Del Viso et al. 2016; Burdine et al. 2020), and cancers
(Simon and Rout 2014). For example, in amyotrophic lateral sclerosis (ALS) and
frontotemporal dementia (FTD), the formation of stress granules sequesters
transport factors away from the NPC and further disrupts cellular function (Zhang
et al. 2018). To protect the nuclear compartment and the genome, cells have
evolved mechanisms to surveil the NE and repair defects, such as nuclear rupture
or failed NPC assembly (Webster et al. 2014; Webster et al. 2016; Thaller et al.
2019).
While NPC biogenesis is an essential process and defects can have
negative consequences, the exact role of transmembrane nucleoporins during in
vivo NPC assembly, remains unclear. In chapter 2, I generate and characterize a
novel CRISPR deletion allele of ndc1. I find that without Ndc1 present, nuclei are
smaller, import less nuclear bound cargo, and fail to incorporate components of
the Y-complex and the inner ring at the NE, suggesting failed NPC assembly.
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These defects have negative downstream consequences for the viability and
broodsize of the next generation. In chapter 3, I use a combination of quantitative
live cell imaging and 3D EM reconstructions to show Ndc1 is required for the rapid
and stable incorporation of Y-complex nucleoporins after mitosis at the nascent
NPC. Additionally, I find that Ndc1 itself is highly dynamic, arguing against the
hypothesis that Ndc1 simply anchors the NPC. In chapter 4, I investigate the
importance of the Ndc1-Nup53 binding interaction and determine the individual
contribution of each during NPC assembly. While reduction of nup53 on its own
severely decreases NPC assembly, loss of Ndc1 enhances this defect, suggesting
that each plays a share and independent function in post-mitotic NPC assembly.
In chapter 5, I utilize the early C. elegans embryo to explore the mechanisms of
nuclear size regulation, specifically the balance between NPC assembly and the
insertion of ER membranes into the NE. Specifically, I find deletion of CNEP-1, a
regulator of lipin activity, rescues the nuclear size defects associated with
decreased levels of Ndc1. In chapter, 6, I will discuss the still open questions and
the possibility of future experiments to advance our understanding of post-mitotic
NPC assembly. Together, my thesis work highlights that Ndc1 is a dynamic
regulator of post-mitotic NPC assembly in the early C. elegans embryo.
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Figure 1.1: Structure and organization of the nuclear envelope
Overview of a generic eukaryotic cell. The plasma membrane serves to create
and internal and external environment. Within the cell, the cytoplasm contains
various organelles such as the nucleus. The nucleus is comprised of the inner
and outer NE and forms a contiguous membrane system with the ER. At fusion
points of the two membranes are NPCs which mediate transport of
macromolecules across the NE. Underneath the NE is the nuclear lamina
(orange), which provides support and interacts with the inner nuclear membrane
proteins (blue). Also shown are annulate lamellae (AL), stacks of ER membranes
that contain partially constructed NPCs (symmetric components of the NPC
only).
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Figure 1.2: Organization and composition of the nuclear pore complex.
(A) Overview schematic of the NPC, representative member of each subcomplex
is shown. (B) Cross section of NPC highlighting the symmetric scaffold rings.
Outer ring (blue), inner ring (purple), and transmembrane ring (red). (C) Top,
Schematic of Ndc1 in the NE. Bottom, protein diagram of Ndc1. (D) Table of
nucleoporins that form the three structural rings of NPCs. H. sapiens and C.
elegans homologs are shown and the requirement of each for embryonic viability
is indicated in C. elegans.
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Figure 1.3: Sequence alignment of Ndc1 across different species
Protein alignment of indicated species for Ndc1.
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Figure 1.4 Overview of NPC assembly pathways
(A) In mitosis, the microtubule spindle facilitates chromosome segregation. (B)
NE reformation and NPC assembly is initiated on the chromatin surface, at the
outer edges, for post-mitotic NPC assembly. (C) As cells enter interphase, NE
reformation is completed. (D) During interphase more NPCs are assembled into
the intact NE.
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Figure 1.5 Post-mitotic NPC assembly
(A) Post-mitotic NPC assembly is initiated by Elys (in green), which binds to the
chromatin surface (in dark gray). (B) Fenestrated ER membranes (light gray)
begin to spread across the chromatin surface. (C) Pre-assembled octameric
outer (blue) and inner (purple) ring associated with the holes in the ER
membranes, that becomes the nascent NE, template NPC assembly. (D) The
scaffold of the NPC (inner, outer, and transmembrane ring) is assembled and
then NPC assembly is completed by the addition of asymmetric components (not
shown).
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Figure 1.6 Interphase NPC assembly
(1) Pom121 is one of the first nucleoporins that is recruited to the nascent
nuclear pore and is thought to initiate NPC assembly. (2) Nup153 associates with
the INM through an amphipathic helix. (3) The Y-complex is recruited to the INM
by Nup153 and interacts with Pom121 (4) Fusion of the INM and ONM is
completed by an unknown fusogen, and the rest of the NPC components are
recruited.
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Chapter 2: Characterization of Ndc1 in C. elegans
Some of this work has been published and/or modified from published work in
the manuscript:
Mauro M, Celma G, Zimyanin V, Gibson K, Redemann S, and Bahmanyar
S. NDC1 is necessary for stable assembly of the nuclear pore scaffold in early
C. elegans embryos. biorxiv. doi:10.1101/2021.07.17.452264
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Introduction
Although prior work suggests that Ndc1 is required for NPC assembly, a
thorough characterization of how it facilitates this process has not been taken. A
previous genome-wide high content RNAi screen using differential interference
contrast (DIC) to film early C. elegans embryos showed that RNAi depletion of
ndc1 results in pronuclei that are smaller in size than in control embryos
(Sönnichsen et al. 2005). Interestingly, Ndc1 was one of the only nucleoporin
genes to have a clear nuclear phenotype in combination with no associated
embryonic lethality (Sönnichsen et al. 2005; Galy, Mattaj, and Askjaer 2003).
Prior studies that characterized Ndc1 were mainly done using budding yeast or in
vitro assays. In both budding and fission yeast, Ndc1 is required for spindle pole
body insertion and NPC assembly, making it difficult to dissect Ndc1’s specific
role in NPC assembly (Winey et al. 1993; Chial et al. 1998; West et al. 1998).
Although in vitro assays are extremely valuable to understanding the
requirement for individual components, the dynamics and cellular context of NPC
assembly and the in vivo relevance of loss of NPC components is lost. Studies
done in vertebrate cells show that Ndc1 is required for the recruitment of specific
nucleoporins, such as the inner ring and FG nucleoporins, but not members of
the Y-complex; such studies have relied mainly on fixed cell imaging (Mansfeld et
al. 2006). The inconsistencies in vertebrate cells are further complicated by the
fact that there is possible functional redundancy with other transmembrane
nucleoporins such as Pom121.
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The early C. elegans embryo is excellent system to study the role of Ndc1
because it is genetically tractable, both live and fixed cell imaging are readily
available, and the various events of the one-cell stage embryo are highly
stereotypical. After the completion of two rounds of meiosis (Figure 2.1A), the
maternal and paternal pronuclei begin to rapidly expand, migrate towards one
another, and then enter NEBD and the first mitosis (Figure 2.1B). This entire
process also occurs rapidly, happening in approximately 20 minutes, and is
highly stereotypic allowing for combining quantitative methods with time-lapse
imaging (Figure 2.1). The early embryo is transcriptionally quiescent, which is
beneficial to studying NPC assembly given the findings linking NPCs to gene
expression and regulation (Raices and D'Angelo 2017; D'Angelo 2018; Ibarra
and Hetzer 2015). NE associated proteins as well as nucleoporins are conserved
in higher eukaryotes, further making C. elegans a powerful system to study the
nucleus and NPCs (Figure 1.2D; (Galy, Mattaj, and Askjaer 2003; Oegema and
Hyman 2006)). Lastly, RNAi in the C. elegans germline does not rely on protein
turnover, so long-lived proteins such as nucleoporins can be efficiently depleted
(Oegema and Hyman 2006; D'Angelo et al. 2009b).
Here I use a combination of quantitative live and fixed cell imaging as well
as population-based assays to thoroughly characterize Ndc1 in C. elegans. By
generating a novel deletion allele of ndc1 using CRISPR-Cas9 gene editing I
found that Ndc1 is essential for viability and required for proper germline function.
I generate a novel deletion allele of ndc1 to show that its loss leads to increased
embryonic lethality and decreases the brood size of adult animals. These defects
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are potentially linked to errors in chromosome segregation and P granule
distribution and throughout the earliest stages of development. I find Ndc1 is
required for the proper levels of Nup107, Elys and Nup53 at the nuclear rim, but
not for the global levels of nucleoporins or the localization of FG nucleoporins at
the NE. Additionally, I observe a population of Nup160 cytoplasmic puncta that
colocalize with Ndc1 and their formation is dependent upon Ndc1. Taken
together, these data show that Ndc1 has a critical role in NPC assembly but is
only partially essential for viability.
Results
Characterization of ndc1 alleles
To begin to characterize Ndc1 in the early embryo, I first used RNAi to
deplete ndc1 and imaged the paternal pronucleus during the first embryonic cell
stage. ndc1 RNAi depleted embryos had smaller pronuclei but otherwise were
normal in appearance and behavior (shape was circular, migrated properly and
centrosomes were attached) (Figure 2.2A). In contrast to many other
nucleoporins, RNAi depletion of ndc1 did not cause embryonic lethality but did
slightly decrease the brood size compared to control (Figure 2.2 B and C, (Galy,
Mattaj, and Askjaer 2003)). However, RNAi does not typically result in 100%
mRNA depletion, so it is possible that a small remainder of Ndc1 could prevent
embryonic lethality and more severe phenotypes. To address this potential pitfall,
I obtained and outcrossed a mutant allele of ndc1 that had previously been
generated (Stavru, Hulsmann, et al. 2006).
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The ndc1tm1845 mutant contains a large internal deletion (~50% of gene)
and a small insertion that introduces a premature stop coding (Figure 2.3A).
These embryos exhibited a wide range of lethality (range 10% - 80%, average ±
S.D. = 48% ± 25%, Figure 2.3B) and decreased brood size compared to control
worms and is similar to what has been reported previously for this allele (Figure
2.3C, (Stavru, Hulsmann, et al. 2006)). DIC imaging further confirmed that
paternal pronuclear size was decreased in the ndc1 mutant strain (average ± S.D
= 5.62 µm ± 0.91) compared to control (average ± S.D = 8.46 µm ± 0.37) (Figure
2.3A and B). To address the embryonic lethality discrepancy between the RNAi
depletion of ndc1 and the ndc1tm1845 mutant, I used a non-homologous end
joining approach with CRISPR-Cas9 gene editing to generate a novel deletion
allele of ndc1 (Figure 2.4A) (Ward 2014; Dickinson and Goldstein 2016). The
successful deletion of the ndc1 locus was confirmed by PCR amplification and
sequencing of the genomic locus (data not shown). I confirmed that mRNA
expression was eliminated in ndc1D worms using qPCR (Figure 2.4B). To further
confirm this deletion, I attempted to probe protein levels of Ndc1 using an inhouse generated antibody (affinity purified by Gunta Celma). Immunoblotting of
whole worm lysates from control and ndc1tm1845 did not produce the proper
banding pattern for Ndc1 (expected molecular weight ~67kD) (Figure 2.5A and
B). Immunostaining inconsistently marked the NE in control and ndc1D embryos
(Figure 2.5C). These data suggest that the antibody is non-specific. Embryos
produced from homozygous ndc1D worms had a range of lethality (40% - 100%,
average ± S.D. = 61% ± 21), but was more severe than the ndc1tm1845 genetic
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background (Figure 2.4C). Additionally, the brood size of ndc1D worms were
significantly lower (Figure 2.4D, student’s t test p <0.0001). Immunostaining of
ndc1D embryos with a -LMN-1 confirmed that the paternal pronuclei was
consistently smaller in size than control, and similar in size to ndc1 RNAi
depleted embryos (Figure 2.4E). Interestingly, I also observed that the embryos
produced by ndc1D worms were smaller (Figure 2.4E). Overall, these data
suggest that Ndc1 is at least partially essential for viability.
A potential source of embryonic lethality is failed chromosome
segregation, which can lead to aneuploidy and death (Potapova and Gorbsky
2017). To determine if failed chromosome segregation was the source of the
embryonic lethality, I fixed and stained embryos with DAPI and Hoescht 33258. I
then quantified the number of embryos between 1-64-cell stage for chromosome
segregation related defects including: chromosome bridges, lagging
chromosomes, micronuclei, and polar body extrusion defects (Figure 2.10, yellow
arrows). In ndc1D embryos, I observed defects in ~47% of embryos versus only
~6% in control (Figure 2.6). The ~47% also trends closely to the average lethality
in ndc1D embryos (61%).
In C. elegans, the adult germline is established early during
embryogenesis in the P cell lineage and regulated by RNA-protein granules
called P granules (Figure 2.7A; (Updike and Strome 2010)). Normally, P granules
associate with the nucleus of a single cell until the germline precursor cell divides
(Pitt, Schisa, and Priess 2000; Updike and Strome 2009; Updike and Strome
2010; Updike et al. 2011). To assay the status in P granules, I fixed and stained
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embryos with a -PGL-1 a component and marker of P granules (Kawasaki et al.
1998). Instead of the normal perinuclear staining appearance of PGL-1 as
observed in control, ndc1D embryos had distribution defects, where the entire cell
would be marked by PGL-1 staining (Figure 2.7B and C). Additionally, instead of
a single cell being marked by PGL-1, I often observed two cells which were
highly stained for PGL-1 (Figure 2.7B and C).
Taken together, these data suggest that the likely causes for the
downstream organismal phenotypes are due to defects that happen early on
during embryonic development. Although the possibility of other factors also
playing a role cannot be excluded. For example, recent data suggests that Ndc1
plays a role in spermatogenesis in mammals (Lai et al. 2016).
Ndc1 is required for the incorporation of multiple nucleoporins at the
nuclear envelope
Although the sperm chromatin is devoid of a NE at the time of fertilization,
it is not clear when after the sperm enters the oocyte that a NE forms. To begin
to address this question and in turn be able to assay when/if Ndc1 might be
required for NPC assembly and function, I performed in situ imaging of worms
expressing either Nup160:GFP or LEM-2:GFP, an inner nuclear membrane
protein in combination with mCherry:H2B to mark DNA. Worms were immobilized
using nanoparticles, which did not interfere with fertilization of oocytes through
the spermatheca and allowed for robust imaging conditions (Kim et al. 2013).
Fertilization of the oocyte by haploid sperm occurs every 20-40 minutes and
initiates two rounds of meiotic chromosome segregation which is followed by
expulsion of a polar body (Figure 2.1A; (Oegema and Hyman 2006)). To
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determine where in the cell cycle the embryos were, I utilized the organization of
the oocyte derived chromatin. In line with the sperm having no NE, LEM-2:GFP
and Nup160:GFP were both absent from sperm chromatin (Figure 2.8B and C).
To quantify the signal, I measured the fluorescence intensity using a line-scan in
FIJI and normalized each trace to account for variation in signal intensity (Figure
2.8D). While both LEM-2:GFP and Nup160:GFP signal disappeared and
appeared during metaphase and anaphase respectively, their accumulation was
drastically different (Figure 2.8B and C). During both anaphase I and II, LEM-2
formed a clear NE (Figure 2.8B and D, see two clear peaks of line scan), but in
contrast Nup160 only formed a clear NE at anaphase II, and appeared more
diffuse during anaphase 1 (Figure 2.8C and D, see two clear peaks versus one
broad peak). Nup160, as a member of the Y-complex, does localizes to the
kinetochore so this broad peak likely indicates chromatin associated Nup160
(Belgareh et al. 2001; Loïodice et al. 2004). Taken together, these data suggest
that the NE of the sperm derived chromatin mimics the NE assembly and
disassembly based on the meiotic state of the oocyte derived chromatin on the
other side of the embryo. However, with the completion of anaphase II the NE
around both the oocyte and sperm derived chromatin is formed.
To determine if Ndc1 is required for the recruitment or incorporation of
other nucleoporins at the NE, I used a combination of live cell and fixed imaging
approaches. First, using a strain expressing Nup160:GFP, I imaged control onecell stage embryos. These pronuclei had strong smooth NE signal, suggesting
that NPCs were present evenly throughout the entire nucleus, and a
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nucleoplasmic pool which likely represents a soluble pool of Nup160 (Figure 2.9
left). If the same number of NPCs were present in control and ndc1 RNAi
depleted pronuclei, then the fluorescence intensity would be higher than in
control because the pronuclei are smaller (increased density of GFP molecules
would increase signal). However, RNAi depletion of Ndc1 strongly reduced the
signal of Nup160:GFP at the NE compared to control, approximately 50% lower
based on line scan quantification (Figure 2.9). However, the Nup160:GFP signal
in the ndc1 RNAi condition was still smooth, suggesting that Ndc1 is not required
for the distribution of NPCs within the NE.
Next, I used fixed imaging to determine the levels of endogenous Ycomplex components as well as the inner ring nucleoporin Nup53 at the NE,
using antibodies generously gifted by the Askjaer lab. Similar to Nup160:GFP,
control pronuclei stained with a-Nup107 had a clear rim at the NE as well as
nucleoplasmic signal (Figure 2.10A, control). In contrast, in ndc1D embryos the
paternal pronuclei a-Nup107 only weakly stained the NE, but the nucleoplasmic
staining was still present (Figure 2.10A). To quantitatively assess the degree to
which Ndc1 was required for Nup107 incorporation I measured the fluorescence
intensity at two different spots at the NE and then normalized the data to the
maximum value, which in control was always the NE rim signal (Figure 2.10B,
blue line). ndc1D NE signal was only slightly above the signal of the nucleoplasm,
while control NE signal was clearly higher (Figure 2.10B, compare drop in blue
line versus flat red line). To represent this data another way, I used the
fluorescence intensities to calculate the NE:Cytoplasmic ratio. In control
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embryos, the ratio fell between two and three, highlighting that the NE signal was
much stronger than the cytoplasmic signal (Figure 2.10C, blue dots). Embryos
lacking Ndc1 however, had a ratio between one and two, highlighting that there
was some degree of accumulation of Nup107 at the NE, but not as strongly as in
control (Figure 2.10C, students t test p value <0.0001). Whole cell lysates of
control and ndc1D worms probed with a-Nup107 confirmed the presence of a
band just below 100kd (estimated MW of ceNup107 = ~90kD), suggesting that
Nup107 protein levels were not decreased in embryos lacking Ndc1 (Figure
2.10D). I next performed similar analysis using a-Elys, another key constituent of
the Y-complex. Both control and ndc1D pronuclei had consistent clear nuclear
rims (Figure 2.11A), but control pronuclei had a stronger difference between the
NE signal and the nucleoplasmic signal (Figure 2.11B and C, student’s t test p
value <0.0001). Taken together this indicates Ndc1 is not required for the global
protein levels or the recruitment of Y-complex members to chromatin, but is
required for the incorporation of Y-complex components at the NE. Prior work
also showed depletion of Ndc1 in HeLa cells prevented the incorporation of
Nup53 and other members of the inner ring at the NE, but it is unclear if this is
true in C. elegans (Mansfeld et al. 2006).
In contrast to Y-complex components of the NPC, Nup53 localizes only to
the NE (Figure 2.12A). Whereas control pronuclei had a strong NE staining
pattern, pronuclei in ndc1D embryos barely had signal above the cytoplasmic
signal and clear rims could not be consistently observed (Figure 2.12A and B).
Furthermore, the NE:Cytoplasmic ratio was closer to one in ndc1D embryos,
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further suggesting Nup53 was not incorporated properly at the NE (Figure 2.12C,
students test p value <0.0001). Whole cell lysates of control and ndc1D worms
probed with a-Nup53 confirmed the presence of a band just below 50kd
(estimated MW of ceNup53 = ~40kD), suggesting that protein levels were not
decreased in embryos lacking Ndc1 (Figure 2.12D). To validate the requirement
of Ndc1 for Nup53’s recruitment to the NE using live cell imaging, I depleted ndc1
using RNAi in two different fluorescently tagged strains of Nup53. However, RNAi
of ndc1 in both strains prevents NE formation and suggests that these strains are
not fully functional (Data not shown). In C. elegans, a partial deletion of Ndc1,
ndc1tm1845, decreases the staining of mAb414, a monoclonal antibody that
recognizes FG-nucleoporins (Stavru, Hulsmann, et al. 2006). Surprisingly, when I
stained both my ndc1D strain and Ndc1tm1845 with mAb414, the staining pattern is
similar to control, suggesting that Ndc1 is not required for FG-nucleoporins
(Figure 2.13A). Total protein levels of mAb414 recognized nucleoporins and the
FG nucleoporins Nup96/98 are also unchanged (Figure 2.13B, C and D).
Ndc1 is required for nuclear import
Facilitating nuclear transport is one of the most essential functions that the
NPC accomplishes. To assay the levels of nuclear transport in the early embryo,
I utilized a strain expressing a GFP reporter fused to a nuclear localization signal
(GFP:NLS-LacI, hereafter referred to as GFP:NLS). In control embryos,
GFP:NLS rapidly began to accumulate in the expanding pronuclei (Figure 2.14A).
In contrast, embryos RNAi depleted of ndc1, nup153, and nup53 had varying
degrees of impact on the amount of NLS:GFP that accumulated inside the
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nucleus. However, it was initially difficult to interpret the data qualitatively
because of differences in nuclear size and embryo-to-embryo signal variation.
For example, if a nucleus with a diameter of 8 µm contained 50 molecules of
GFP and another contained the same number but was 4 µm in diameter, the
smaller nucleus would appear brighter and thus might suggest higher degree of
import when in reality the two nuclei have imported the same number of GFP
molecules. To account for this, I determined the nuclear to cytoplasmic ratio
(N:C) and multiplied this value by the nuclear area (Figure 2.14B, left).
Using this quantification method, I determined the amount of nuclear
import that occurred in each condition. Although ndc1 RNAi depleted nuclei kept
pace with control nuclei for the first 200s of import, at -300s relative to PC
regression it plateaued, whereas control nuclei continued to import until -200s
then plateaued (Figure 2.14B right, gray vs red line). Nuclei RNAi depleted of
nup153 and nup53 imported even less than control (Figure 2.14A and B. In fact,
depletion of nup53 prevented any accumulation of GFP:NLS for the first 250s
and then only modest amounts accumulated during the remainder of the first cell
cycle (Figure 2.14B right, purple line). At -100s relative to PC regression
(approaching entry into mitosis (Figure 2.1B), the average diameter of control
paternal pronuclei is ~8 µm (Figure 2.14C) and the diameter of paternal pronuclei
at the same timepoint in the different RNAi conditions scales with the degree of
severity in defective nuclear import for that condition (6.2 µm for ndc1(RNAi)
versus 5.3 µm for nup153(RNAi) and 3.8 µm for nup53(RNAi); Figure 2.14B and
C, student’s t test p value <0.0001). The importance of Ndc1 in regulating nuclear
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size will be discussed more in Chapter 6. Taken together, these data suggest
that Ndc1, while not as essential as Nup153 or Nup53, is still required for proper
nuclear import.
In addition to nuclear import, NPCs regulate transport out of the nucleus
and maintain the permeability barrier of the NE. To assay the status of the
permeability barrier and nuclear export, I utilized a strain expressing
GFP:a-tubulin and mCherry:H2B, which our lab has previously validated
(Penfield et al. 2018). In both control and ndc1 RNAi depleted embryos,
GFP:a -tubulin was found in the nucleus early presumably prior to the
establishment of either the permeability barrier or nuclear export (Figure 2.15A, 620s timepoint). As time progressed and nuclei began to expand the presence of
GFP:a-tubulin slowly decreased (figure 2.15A, -540 through -300). To quantify
this result, I measured the average fluorescence intensity of GFP:a-tubulin
inside the nucleus over time; both control and ndc1 RNAi depleted embryos
exhibited a gradual decline (Figure 2.15B). This data suggests that Ndc1, unlike
other nucleoporins such as Nup93 or Nup205, is not required for the
establishment of nuclear export or maintenance of the permeability barrier (Galy,
Mattaj, and Askjaer 2003).
Ndc1 localizes to a subset of Nup160 puncta in the cytoplasm and is
required for their formation
While imaging a strain expressing Nup160:GFP I also sometimes
observed the presence of cytoplasmic foci in addition to Nup160:GFP at the NE
in oocytes and embryos, but not other regions of the adult gonad, such as the
rachis (Figure 2.16A and C). The presence was easily observed when the image
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brightness was increased. These cytoplasmic structures were initially reminiscent
of annulate lamellae, which are prebuilt partial NPCs on stacks of ER
membranes that may feed into the NE or nucleoporin condensates (Hampoelz,
Mackmull, Machado, Lecuit, et al. 2016; Hampoelz, Schwarz, et al. 2019). To
better characterize these structures, I performed in situ imaging of worms
expressing Nup160:GFP, in a similar manner as discussed above. Using this
approach, I found that the Nup160:GFP puncta were absent during the two
rounds of meiosis after fertilization, but rapidly appeared upon entry into S-phase
of the first-cell stage and quickly disappeared upon entry into the next mitosis
(Figure 2.16B and Figure 2.13, 100s time point on plot). Occasionally, some
Nup160:GFP puncta could be observed moving towards the pronuclei in the onecell stage, but it was unclear if these were actively incorporated into the nucleus
(Figure 2.16C). Interestingly, depletion of either dynein (motor protein that moves
cargo towards the minus end of microtubule) or zyg-12 (a KASH domain protein
that links the centrosomes to the nucleus; (Malone et al. 2003; Starr 2011)) did
not alter the movement of these cytoplasmic puncta (Data not shown). Taken
together these data suggest that the cytoplasmic structures might be annulate
lamellae or nucleoporin condensates that move independently of microtubuledirected transport towards the nucleus.
To quantify the abundance of these puncta in an unbiased manner, I
utilized maximum projection videos collected under optimized imaging conditions
and a particle tracker in FIJI. Using this approach, I found Nup160:GFP puncta in
control embryos are high in numbers during interphase (Figure 2.17A and B -
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300s and -100s timepoints), but rapidly decrease upon mitotic entry (Figure
2.17B, 100s timepoint). This cell cycle dependence is in line with what has been
reported previously for annulate lamellae (Cordes, Reidenbach, and Franke
1996; Pitt, Schisa, and Priess 2000). Embryos depleted of ndc1 however, have
significantly lower numbers of Nup160:GFP puncta at 300s and 100s prior to PC
regression (student’s t test, -300s p value = 0.0039 and -100s p value = 0.0298)
(Figure 2.17A and B). Additionally, the puncta that did remain in ndc1 RNAi
depleted embryos appear smaller in size compared to control (Figure 2.17A). In
contrast, depletion of nup153, a member of the nuclear basket, does decrease
the number of Nup160:GFP puncta (Figure 2.17C and B). This observation is
somewhat at odds with the in vitro requirement of Nup153 for annulate lamellae
production (Vollmer et al. 2015). Taken together, these data suggest that
Nup160:GFP can form cytoplasmic structures that are dependent specifically
upon Ndc1 in some capacity for their formation and appearance.
If Ndc1 was required for the formation of Nup160:GFP cytoplasmic
puncta, I reasoned that Ndc1 itself should also then localize to these puncta. To
address this hypothesis, I generated two fluorescently tagged versions of Ndc1,
Ndc1en:mNG and Ndc1en:mRuby, using CRISPR-Cas9 genome editing (Figure
2.18A; (Paix et al. 2015; Dickinson et al. 2015; Hastie et al. 2019)). Imaging of
Ndc1en:mNG suggests that the tag is functional because pronuclei are circular,
expand properly, and reach a normal nuclear size (Figure 2.18B). Ndc1en:mNG
also localizes to the nuclei of adult gonad and in the pharynx of the adult worm
(Figure 2.18C and D), suggesting that it is expressed throughout development
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and in different cell types. In addition to its localization to the NE, Ndc1en:mNG
also localizes throughout the ER as well as punctate structures throughout the
cytoplasm (Figure 2.19A). Interestingly, these puncta do not consistently
colocalize with the ER (Figure 2.19B, S-phase) but appear to disperse into the
ER during mitosis (Figure 2.19B, Mitosis). Next, I crossed a strain expressing
Ndc1en:mRuby with a strain expressing Nup160:GFP to assay the colocalization
of the two markers. While Ndc1en:mRuby puncta were sometimes more
challenging to capture (Figure 2.20A), a subset did colocalize with Nup160:GFP
(Figure 2.20A, yellow arrows and B). The fact that they co-localize with Ndc1 and
do not form in ndc1 RNAi depleted embryos, which also have lower levels of
Nup160:GFP at the nuclear rim, suggests that Ndc1 may play a role in stabilizing
scaffold components these cytoplasmic structures in addition to its role at the NE.
Discussion
My work is the first thorough characterization of Ndc1 using an in vivo
metazoan system. Using C. elegans I have investigated the role of Ndc1 in the
early embryo as well as at the organismal level. In budding and fission yeast, Ndc1
is essential because of its function at the SPB (Thomas and Botstein 1986; Winey
et al. 1993; Chial et al. 1998; West et al. 1998; Chial et al. 1999; Araki et al. 2006),
but in C. elegans, there is no SPB, thus the source of lethality is likely related more
to NPC assembly or function of the nucleoporins. Although my work suggests that
the cause of embryonic lethality is likely chromosome segregation defects, it is not
immediately clear how a transmembrane protein such as Ndc1 could be involved
with chromosome segregation. One possibility is that loss of Ndc1 leads to a
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downstream consequence on other nucleoporins of factors that are required for
proper segregation, which I will discuss more in Chapter 3 of my dissertation.
While prior work showed that depletion of ndc1 decreased the incorporation
of Nup53 and other inner ring nucleoporins (Mansfeld et al. 2006), my data further
shows potential failed integration of Y-complex components (Nup160, Nup107 and
Elys) at the NE. This difference might be because in vertebrates Nup160 is able to
bind Pom121, but in C. elegans there is no homolog for Pom121 (Mitchell et al.
2010). Interestingly, while the incorporation of Nup160, Nup107, Elys, and Nup53
appears to be lower, the global protein levels, of at least Nup107 and Nup53, are
not lower. This suggests that failed NPC assembly in the early embryo does not
lead to the degradation of nucleoporins. The fact that FG-nucleoporins still
localized to the NE in both ndc1tm1845 and ndc1D genetic backgrounds is somewhat
at odds with prior work in late-stage C. elegans embryos (Stavru, Hulsmann, et al.
2006). One possibility for this discrepancy is that recruitment of FG nucleoporins
during the one-cell stage are different than in later stages.
The cytoplasmic puncta that I observed in both Nup160 and Ndc1
fluorescently tagged strains, may represent the specialized NPC structures
assembled in ER membranes called annulate lamellae (Hampoelz, Mackmull,
Machado, Ronchi, et al. 2016). These structures serve as a rapid source of NPCs
during early development and potentially as a source of membranes and NPCs in
mammalian cells after mitosis (Hampoelz, Mackmull, Machado, Lecuit, et al. 2016;
Ren et al. 2019) While the presence of annulate lamella has been well
documented, the exact requirements for their formation have remained elusive
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(Merriam 1959; Swift 1956; Kessel and Beams 1969; Cruickshank 1972; Kessel
1981; Pitt, Schisa, and Priess 2000; Hampoelz, Mackmull, Machado, Ronchi, et al.
2016). The cytoplasmic puncta I observed rapidly formed after meiosis and
disappeared during mitosis, suggesting that they might be phosphorylated as
many nucleoporins are to facilitate NPC disassembly. The fact that a subset of
Nup160 puncta occasionally colocalize with Ndc1 puncta in the cytoplasm and that
their presence is dependent upon Ndc1 suggests Ndc1 may be involved in
formation or stability of these structures in the early embryo. Additionally, this data
further suggests that Ndc1 is important for the proper formation of NPCs
regardless of their location, either in the cytoplasm or NE.
Interestingly, the Ndc1en:mNG cytoplasmic puncta appeared to be adjacent
to the SP-12:mCherry signal and did not completely colocalize. Of course, I cannot
rule out the possibility that this pool of Ndc1 exists outside of the ER in some other
membrane system, such as the Golgi. However, arguing against this point, I
observed these puncta quickly redistribute through the ER upon entry into mitosis,
with dynamics that suggest that they are in the same membrane system. More
work needs to be completed to characterize and identify these cytoplasmic puncta,
their mechanistic relationship to Ndc1, and if they are directly involved in NPC
assembly in C. elegans embryos. For example, correlative light and electron
microscopy (CLEM) or immuno-EM would allow us to localize these puncta and
visualize the organization of membranes in the ER.
Loss of Ndc1 also causes distribution/organizational defects of P granules.
Normally P granules are only found in cells of the p lineage, but in ndc1D embryos,
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there are sometimes multiple cells that appear to have P granules. There are
multiple nucleoporins that are required for the proper appearance/formation of P
granules (Updike and Strome 2009; Updike and Strome 2010; Voronina and
Seydoux 2010). It is possible that Ndc1 regulates P granules directly, either at the
NPC or in the ER as some sort of platform or through the potential AL that are
present. Alternatively, the P granule defects might be due to lower number of NPCs
or some sort of defect with their assembly. P granules extend the area around the
NPC so if the NPCs are not built properly, it’s possible this could alter their
perinuclear appearance (Pitt, Schisa, and Priess 2000; Updike et al. 2011).
Lastly, my data indicates that depletion of ndc1 reduces the levels of
nuclear import, although not as severely as other nucleoporins such as Nup153
or Nup53. Early during the one-cell stage, control and ndc1 RNAi depleted
embryos have similar nuclear import, but they start to diverge around 300s
before PC regression. Under normal circumstances the limiting factor in nuclear
import is the availability of transport receptors and their interaction with cargo
(Ribbeck and Görlich 2001). When the number of NPCs are reduced, however,
it’s possible the number of pores themselves becomes limiting. Thus, one
possibility is that early one when nuclear transport is just initiating, the number of
pores in each condition is adequate to accumulate GFP:NLS, but as import
rapidly increases the difference in pores in control and ndc1 RNAi embryos
becomes limiting and import is reduced in the ndc1 RNAi depleted embryos.
Interestingly, the export of GFP:a-tubulin occurred normally in both control and
ndc1 RNAi depleted nuclei. At first glance this is at odds with the nuclear import
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defect. One possible explanation for this is that the amount of GFP:a-tubulin that
needs to be exported and the number of NPCs that are present in ndc1 RNAi
depleted embryos is sufficient to accomplish this task.
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Figure 2.1 A timeline of the one-cell stage C. elegans embryo
(A and B) Schematic of one-cell stage C. elegans embryonic division during
different stages of the cell cycle. Major events are indicated relative to the start of
paternal pronuclear expansion.
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Figure 2.2 Depletion of ndc1 results in smaller nuclei, but not embryonic
lethality
(A) Confocal overview and magnified images of one-cell stage embryo from a
time lapse series of indicated markers for indicated conditions. Scale bars, 10 µm
for overview image and 5 µm for magnified images. (B) Plot of percentage
embryonic lethality for indicated conditions. N = number of worms. n = number of
embryos. (C) Plot of brood size for indicated conditions. N = number of worms. n
= number of embryos.
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Figure 2.3 A partial deletion of ndc1 results in smaller nuclei in one-cell
stage embryos
(A) Schematic of ndc1 genomic locus (top) and tm1845 allele (below). (B) Plot of
percentage embryonic lethality for indicated conditions. N = number of worms. n
= number of embryos. (C) Plot of broodsize for indicated conditions. N = number
of worms. n = number of embryos. (D) DIC overview images of one-cell stage
embryo from a time lapse series for indicated conditions. White dotted line
indicates paternal pronucleus. Scale bar 10 10 μm. (E) Plot of paternal
pronuclear diameter at indicated timepoint for indicated conditions.
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Figure 2.4 Generation of a ndc1D strain with smaller nuclei
(A) Schematic of CRISPR guides to generate ndc1 null allele. (B) Plot of ndc1
mRNA fold change for control and ndc1D worms. Mean +/-SD. (C) Plot of
percentage embryonic lethality for indicated conditions. N = number of worms. n
= number of embryos. (D) Plot of broodsize for indicated conditions. N = number
of worms. n = number of embryos. (E) Fixed overview and magnified images of
C. elegans embryos immunostained for lamin for indicated conditions. Scale
bars, 10 μm and 5 μm for magnified images.
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Figure 2.5 A purified antibody does not recognize Ndc1
(A) Immunoblot of whole worm lysates probed with base affinity purified
antibodies that might recognize Ndc1 for indicated conditions. (B) Immunoblot of
whole worm lysates probed with acid affinity purified antibodies that might
recognize Ndc1 for indicated conditions. (C) Fixed overview images of C. elegans
embryos immunostained with mAb414 and α-Ndc1 for indicated conditions. Scale
bar, 10 μm.
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Figure 2.6 Ndc1 is required for proper chromosome segregation
Fixed overview images of C. elegans embryos immunostained with DAPI for
indicated conditions. Scale bar, 10 μm. Yellow arrows indicate different instances
of defects related to chromosome segregation (polar body extrusion defects,
micronuclei, chromosome bridges, and lagging chromosomes). Text below
indicates the percentage of embryos with observed defects. N = number of
slides, n = number of embryos scored.

67

Figure 2.7 Ndc1 is required for proper organization/distribution of P
granules
(A) Schematic of C. elegans P-lineage, pink shading indicates cells that become
adult gonad/germline. (B)Fixed overview images of C. elegans embryos
immunostained with DAPI and stained for a- PGL-1 for indicated conditions.
Scale bar, 10 μm. (C) Plot of percent embryos with indicated phenotypes. n =
number of embryos scored.
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Figure 2.8 Nuclear envelope reformation after Meiosis II
(A) Schematic of whole C. elegans worm and gonad arm. (B) Confocal montage
images and magnified images of one-cell stage paternal pronucleus from a time
lapse series of indicated markers for indicated conditions. Scale bars 5 µm. (C)
Confocal montage images and magnified images of one-cell stage paternal
pronucleus from a time lapse series of indicated markers for indicated conditions.
Scale bars 5 μm. (D) Normalized line scan profiles of fluorescence intensities of
time points in (B and C) for indicated markers.
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Figure 2.9 Levels of Nup160:GFP at the nuclear envelope are decreased in
embryos depleted of ndc1
(Left) Confocal overview and magnified images of one-cell stage embryo from a
time lapse series of indicated markers for indicated conditions. Scale bars, 10 μm
for overview image and 5 μm for magnified images. (Right) Line scan profiles of
Nup160:GFP fluorescence intensity for indicated conditions.
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Figure 2.10 Ndc1 is required for the levels of Nup107 at the nuclear
envelope, but not the global protein levels
(A) Fixed overview and magnified images of C. elegans embryos immunostained
with antibodies that recognize Nup107 for indicated conditions. Scale bars, 10
μm and 5 μm for magnified images. (B) Line scan profiles of normalized
fluorescence intensity of Nup107 for indicated conditions. (C) Plot of NE to
cytoplasmic ratio for normalized Nup107 fluorescence intensity. (D) Immunoblot
of whole worm lysates probed for antibodies that recognize Nup107 and α-tubulin
for indicated conditions.

71

Figure 2.11 Ndc1 is required for the levels of Elys at the nuclear envelope
(A) Fixed overview and magnified images of C. elegans embryos immunostained
with antibodies that recognize Elys for indicated conditions. Scale bars, 10 μm
and 5 μm for magnified images. (B) Line scan profiles of normalized fluorescence
intensity of Elys for indicated conditions. (C) Plot of NE to nucleoplasmic ratio for
normalized Elys fluorescence intensity.
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Figure 2.12 Ndc1 is required for the levels of Nup53 at the nuclear
envelope, but not the global protein levels
(A) Fixed overview and magnified images of C. elegans embryos immunostained
with antibodies that recognize Nup53 for indicated conditions. Scale bars, 10 μm
and 5 μm for magnified images. (B) Line scan profiles of normalized fluorescence
intensity of Nup53 for indicated conditions. (C) Plot of NE to cytoplasmic ratio for
normalized Nup53 fluorescence intensity. (D) Immunoblot of whole worm lysates
probed for antibodies that recognize Nup53 and α-tubulin for indicated
conditions.
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Figure 2.13 Levels of Nup98/96 and mAb414 are not decreased in embryos
lacking Ndc1
(A) Fixed overview images of C. elegans embryos immunostained with mAb414
for indicated conditions. Scale bar, 10 μm. (B) Immunoblot of whole worm lysates
probed with mAb414 and α-tubulin for indicated conditions. (C) Immunoblot of
whole worm lysates probed for antibodies that recognize Nup96 and α-tubulin for
indicated conditions. (D) Immunoblot of whole worm lysates probed for
antibodies that recognize Nup98 and α-tubulin for indicated conditions.
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Figure 2.14 Nuclear import scales to nuclear size in the one-cell stage
embryo
(A) Confocal overview and magnified images of embryo from a time lapse series
of GFP:NLS-LacI in indicated conditions. Scale bars, 10 μm for overview image
and 5 μm for magnified images. (B) Schematic for equation to calculate nuclear
to cytoplasmic ratio of GFP::NLS-LacI (left) and corresponding plot for indicated
conditions (right). Average ± S.D. is shown. (C) Pronuclear diameter for
indicated conditions at indicated timepoint. Average ± S.D. is shown. n = # of
embryos. A two-way ANOVA was used to determine statistical significance
between control and each RNAi condition. p-values all < 0.0001.
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Figure 2.15 Ndc1 is not required for establishment of the permeability
barrier
(A) Confocal montage images and magnified images of one-cell stage paternal
pronucleus from a time lapse series of indicated markers for indicated conditions.
Scale bars 5 μm. (B) Plot of average nuclear GFP:a-tubulin fluorescence for
indicated conditions. Time relative (s) to PC regression.
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Figure 2.16 Nup160:GFP forms cytoplasmic puncta in the oocytes and
embryos of wildtype worms
(A) Confocal overview images of an adult wildtype gonad arm expressing
Nup160:GFP. Dotted boxes indicate three different regions of the gonad arm.
Scale bar, 20 μm. (B) Inverted maximum projection confocal images at indicated
time points. (C, Left) Inverted maximum projection confocal image of one-cell
stage embryo from time-lapse series. (Right) Montage of cytoplasmic
Nup160:GFP puncta in the vicinity of the paternal pronucleus. Time (s) relative to
start of video. Scale bar, 10 μm.
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Figure 2.17 Nup160:GFP forms cell-cycle dependent cytoplasmic puncta
that are dependent on Ndc1
(A) Maximum projection confocal overview images of one-cell stage embryo from
a time lapse series of indicated markers for indicated conditions. Scale bars,10
μm. (B) Plot of average number of Nup160:GFP cytoplasmic puncta at indicated
time points relative to PC regression and for indicated conditions.
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Figure 2.18 Generation of endogenously tagged ndc1 strains that are
expressed in the early embryo and adult worm
(A) Schematic of CRISPR guides to generate endogenously tagged ndc1 with
either mNeonGreen or mRuby. (B) Confocal overview images of one-cell stage
embryo expressing indicated markers. Scale bar, 10 μm. (C) Confocal overview
image of adult gonad expressing Ndc1en:mNG. Scale bar, 20 μm. (D) Confocal
overview image of adult pharynx expressing Ndc1en:mNG. Scale bar, 20 μm.
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Figure 2.19 Ndc1en:mNG localizes to cytoplasmic puncta
(A) Confocal images from time-lapse series of one-cell stage embryo expressing
Ndc1en:mNG and SP-12:mCh to mark the ER. Scale bar, 10 μm. (B, Left)
Magnified images of cytoplasmic region from one cell stage embryo expressing
indicated markers at indicated time points. (Right) Line scan profiles of images
from B, left.
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Figure 2.20 A subset of Nup160:GFP puncta co-localize with Ndc1:mRuby
in the cytoplasm
(A) Confocal images of one-cell stage embryo expressing Ndc1en:mRuby and
Nup160:GFP. Scale bar 10 μm. (B, Top) magnified image from regions in (A),
indicated by number. Scale bar 2.5 μm. (Bottom) Line scan profile for
Ndc1en:mRuby and Nup160:GFP fluorescence intensity
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Chapter 3: Ndc1 is required for post-mitotic NPC assembly
Some of this work has been published and/or modified from published work in
the manuscript:
Mauro M, Celma G, Zimyanin V, Gibson K, Redemann S, and Bahmanyar
S. NDC1 is necessary for stable assembly of the nuclear pore scaffold in early
C. elegans embryos. biorxiv. doi:10.1101/2021.07.17.452264
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Introduction
A unique challenge for cells exiting mitosis is how to rapidly reform the NE
and build thousands of NPCs on the chromatin surface. Post-mitotic NPC
assembly is initiated by the chromatin binding protein Elys (Rasala et al. 2006;
Franz et al. 2007; Gillespie et al. 2007; Doucet, Talamas, and Hetzer 2010;
Gómez-Saldivar et al. 2016; Hattersley et al. 2016). The Y-complex, which is the
next subcomplex to be recruited, likely exists in two pools, one soluble and one
that is maintained as an octameric ring to template NPC assembly (Rasala et al.
2008; Otsuka et al. 2016; Bilir et al. 2019; Chou et al. 2021; Dultz et al. 2008).
The ER membranes themselves are also highly fenestrated but dilate to a
uniform size during NPC assembly (Otsuka et al. 2018; Bilir et al. 2019; Chou et
al. 2021). It is not currently clear how these membrane holes and the curvature is
maintained.
Transmembrane nucleoporins, including Pom121 and Ndc1, which reside
within the ER network, spread across the chromatin surface (Rasala et al. 2008).
The requirement of Ndc1 during this process has mainly been investigated using
in vitro Xenopus egg extracts, which is analogous to post-mitotic NPC assembly.
This approach shows that Ndc1 is required for the formation of closed nuclei
(Eisenhardt, Redolfi, and Antonin 2014). Additionally, prior work in human cells
showed a delay in nuclear transport upon RNAi depletion of Ndc1 (Anderson et
al. 2009). Taken together, this data suggests that Ndc1 is required early in postmitotic NPC assembly, but it is currently unclear how Ndc1 functions to ensure
the formation of a sealed nucleus and the rapid establishment of a transport-
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competent nucleus. The data that I collected using the one-cell stage embryo
also strongly suggests that Ndc1 is required for the proper assembly of NPCs.
The prevailing hypothesis is that transmembrane nucleoporins, such as Ndc1,
anchor the NPC to the NE (Mansfeld et al. 2006). However, it remains unclear
whether Ndc1 helps to coordinate the wrapping of ER membranes with the
assembly of NPCs rapidly after mitosis.
To more directly test Ndc1’s role in the post-mitotic NPC assembly
pathway, I next utilized the two-cell stage embryo. In addition to the many
reasons discussed in chapter one, the two-cell stage embryo is advantageous
because I can image the first attempt of post-mitotic NPC assembly. After
chromosome segregation occurs, the embryo quickly forms a furrow ingression
and cytokinesis occurs, forming the AB cell (left) and the P1 cell (right) (Figure
3.1, ~110s after anaphase onset). During this process the NE is re-established,
and nuclear transport initiates and import occurs steadily until entry into mitosis
(Figure 3.1 ~500 s after anaphase onset). Each daughter nuclei expands in size
and then the AB nucleus enters NEBD, prior to the P1 nucleus (Figure 3.1, ~750s
after anaphase onset). In this chapter, I use a combination of quantitative timelapse imaging, EM tomography, 3D reconstructions, and FRAP.
Here I characterize the requirement of Ndc1 during post-mitotic NPC
assembly using the two-cell stage C. elegans embryo. I find that endogenously
tagged Ndc1 localizes to the reforming NE quickly after chromosome
segregation, with similar kinetics as ER membranes as well as the INM protein
LEM-2. Furthermore, depletion of ndc1, delays the initiation of nuclear import and
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reduces the total amount of a GFP:NLS reporter that accumulates in the nucleus.
3D analysis of EM tomography from reforming NEs, reveals that the overall
number of NPCs formed in ndc1D embryos is lower compared to control. In
support of this observation, live cell imaging of GFP fusion constructs of Ycomplex components shows lower levels of each component tested after ndc1
RNAi depletion. Additionally, while Nup160 is highly stable at the NE of control
nuclei, Nup160 is more than twice as mobile at the NE in ndc1 RNAi depleted
embryos. Interestingly, Ndc1 itself, is highly dynamic at the NE. Taken together
this suggests that Ndc1 acts as a dynamic regulator of post-mitotic NPC
assembly to ensure the rapid formation of a transport nucleus.
Results
Ndc1 is recruited early during NE reformation after mitosis
To characterize Ndc1 during NE reformation, I first analyzed the dynamics
and localization of Ndc1 after the first mitotic division. To do this, Gunta Clema
and I crossed, Ndc1en:mNG to different fluorescent markers including: SP12:mCherry (a general marker for the ER), LEM-2:mCherry (an INM protein), and
mCherry:H2B (DNA). These strains allowed me to monitor Ndc1 in relation to
general membranes, when INM proteins localize. First, Ndc1 faintly accumulated
with ER membranes starting at 40s prior to furrow ingression and was robustly
enriched at the NE by 40s after furrow ingression (Figure 3.2A, see inset).
Membrane accumulation during this window can be difficult to assay because
there is also an accumulation around the centrosomes and mitotic spindle.
Similarly, Ndc1en:mNG and LEM-2:mCherry began to accumulate at 40s prior to

85

furrow ingression and by 40s after furrow ingression was present throughout the
entire NE (Figure 3.2A). Lastly, Ndc1en:mNG also rapidly accumulated on the
chromatin surface within 200s relative to anaphase onset (Figure 3.3). Furrow
ingression normally occurs 110 s after anaphase onset, which suggests that
Ndc1’s accumulation is consistent across multiple strains (Figure 3.1).
Interestingly, Ndc1en:mNG appears at the top and bottom of the chromosome
mass, which is reminiscent of the traditional non-core pattern of other
nucleoporins and some INM proteins (Figure 3.3, 100s timepoint; (Liu and
Pellman 2020)). This can also be partially observed in Ndc1’s recruitment with
LEM-2:mCherry, which shows an initial non-core enrichment (Figure 3.2B, -40s
and -20s timepoint). Taken together, these data suggest that during NE
reformation after mitosis, Ndc1 is recruited early and rapidly. These data
however, do not indicate that Ndc1 is actively performing a function or that it is
required during these early time points after mitosis.
Ndc1 ensures the formation of a transport competent nucleus after mitosis
The data that I collected in the one-cell stage embryo suggested that Ndc1
is required for normal nuclear transport. To further investigate Ndc1’s role in
nuclear transport, I utilized the two-cell stage C. elegans embryo, which allows
me to monitor the kinetics of nuclear transport from before it begins (Figure 3.1).
First, I utilized time-lapse videos of a strain expressing LEM-2:mCherry and
GFP:NLS (Videos collected by Gunta Celma, which I then analyzed). To analyze
these videos, I performed line scans on the nucleus of the AB cell in FIJI to
quantify the fluorescence intensity of both markers. In control embryos, GFP:NLS
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did not begin to accumulate inside the nucleus until 40s after furrow ingression,
by which point LEM-2 had already robustly accumulated (Figure 3.4A). As the
cell cycle progressed the NE fluorescence signal of LEM-2 decreased slightly,
but two peaks were consistently observed (Figure 3.4A, purple lines). In parallel,
GFP:NLS continued to accumulate within the nucleus and fluorescence intensity
increased (Figure 3.4A, green lines). Next, ndc1 was depleted using RNAi to
determine its impact on nuclear transport. Similar to control, LEM-2 fluorescence
intensity showed two strong peaks throughout the entire video, suggesting that
the NE was formed properly (Figure 3.4B, purple line). In contrast, where
GFP:NLS was observed at the 40s time point in control videos, ndc1 RNAi
depleted nuclei did not have any detectable signal at 40s, and signal was not
observed until almost 160s after furrow ingression (Figure 3.4A and B).
Additionally, the amount of GFP:NLS that did accumulate within the ndc1 RNAi
depleted nuclei was drastically lower than control (Figure 3.4A and B, compare
green lines at 280s timepoint). In line with this observation, the depletion of ndc1
had no impact on the accumulation of ER membranes during NE reformation, but
nuclear import was similarly delayed (Figure 3.5). Taken together, these data
suggest that Ndc1 is required for the initiation and amount of nuclear transport
that occurs after mitosis, but not the formation of a closed nucleus.
To better quantify the extent to which nuclear transport is delayed, I
imaged and analyzed a strain expressing GFP:NLS and mCherry:H2B. In control
embryos, GFP:NLS rapidly accumulated within the first 100s after anaphase
onset, but in ndc1 RNAi depleted embryos signal was not clearly visible until
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160s after anaphase onset (Figure 3.6A, compare 80s time point in control to
160s time point in ndc1 RNAi). To quantify this data, I calculated the N:C ratio
multiplied by nuclear area as I did for the one cell stage (Figure 2.14B). Based on
this quantification in control nuclei, nuclear transport initiates at approximately
100s after anaphase onset, and GFP:NLS continues to accumulate until around
400s and then NEBD begins upon entry into the next mitosis (Figure 3.6B and
Figure 3.1). In ndc1 RNAi depleted embryos, nuclear transport appears delayed
and initiates at around 200s after anaphase onset, while GFP:NLS does continue
to accumulate, but it does not reach the same total levels as the control before it
enters NEBD (Figure 3.6B). The fact the overall nuclear transport is decreased in
ndc1 RNAi depleted embryos, made it initially difficult to determine if the delay
was a delay or that simply less import was occurring during those early time
points. To account for this, I next normalized each individual trace of the N:C
ratio to its own maximum value (Figure 3.6C). After normalization, there is a clear
shift of the ndc1 RNAi traces (green lines) to the right compared to the control
traces (gray lines), suggesting that there is in fact a delay for the initiation of
nuclear transport (Figure 3.6C, zoom in of first 300s relative to anaphase onset).
To visualize this data another way and to highlight the difference in the
rate of nuclear import, I calculated the difference between nuclear import at each
timepoint and the next for the average normalized data (instantaneous slope)
(Figure 3.6D, top equation). In control nuclei, the line during the first 40-60s
relative to anaphase onset is flat, indicating that there is no import occurring
(Figure 3.6D, gray line). However, starting at approximately ~60s after anaphase
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onset, the rate of nuclear import quickly increases and remains constant (Figure
3.6D, gray line). Compared to control nuclei, the ndc1 RNAi depleted nuclei line
remains flat until 100s after anaphase onset and then begins to increase but not
to the same extent as control (Figure 3.6D, green line). To compare the
steepness of control and ndc1 RNAi depleted nuclei more easily and in an
unbiased manner, I performed a linear regression analysis to determine the slope
of each line (y= mx+b, where m is equal to the slope of the line, b is the yintercept and an R2 close to 1 is an ideal fit). For control nuclei during the first
200s after anaphase onset, the line of best fit had the equation y = 0.0047x 0.1886 (R2 = 0.96), and for ndc1 RNAi depleted nuclei the line of best fit had the
equation y = 0.0023x - 0.113 (R2 = 0.89). This large difference in the slope,
0.0047 versus 0.0023, suggests that ndc1 RNAi depleted nuclei are indeed
importing at a decreased rate compared to control, approximately half that of
control.
During the two-cell stage of C. elegans embryogenesis, the AB and P1
cells normally undergo asynchronous divisions, where the P1 nucleus breaks
down second and this delay is normally around two-to-three minutes in duration
(Figure 3.1; (Deppe et al. 1978; Sulston et al. 1983)). Interestingly, I observed
that GFP:NLS was still present in the nucleus of the P1 cell of ndc1 RNAi
depleted embryos at time points when signal was absent in control nuclei (Figure
3.7A, images acquired by Gunta Celma). The depletion of Ndc1 strongly delayed
the timing for breakdown of the P1 nucleus but had no impact on the timing for
the breakdown of the AB nucleus (Figure 3.7A and B, Gunta Celma and I
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performed the analysis together)). Next, to evaluate nuclear export and the status
of the permeability barrier, I utilized the GFP:a-tubulin assay as described earlier
(Figure 2.15) Similar to the one-cell stage data, Ndc1 is not required for the rapid
exclusion of GFP:a-tubulin after mitosis is completed (Data not shown). Thus,
the early recruitment of Ndc1 to the nascent post-mitotic NE combined with the
delay in nuclear import resulting from loss of Ndc1 indicates that Ndc1 is
necessary for the timely establishment of nuclear transport upon NE formation
and that disruptions of this process can impact later cellular events.
Ndc1 is required for post-mitotic NPC assembly
To determine how Ndc1 establishes nuclear transport upon NE formation,
I analyzed serial sections of embryos from electron tomograms of NE formation
to examine the formation of NPCs (images were collected and joined by Dr.
Stefanie Redemann, Dr. Vitaly Zimyanin and Kimberley Gibson; I performed
image segmentation and analysis). Embryos were fixed following the completion
of furrow ingression using high pressure freezing methods to look directly during
NE reformation (Müller-Reichert et al. 2008). I focused on nascent nuclear
membranes wrapped around the outer edges of chromatin, known as the “noncore” region, which is free of spindle microtubules and is thought to be the
location where post-mitotic NPC assembly occurs first (Figure 3.8A and B, (Liu
and Pellman 2020; Kutay, Jühlen, and Antonin 2021)).
To distinguish potential nascent NPCs from NE holes, I utilized three
criteria: 1) the distance between two edges of membrane were less than 100nm,
2) the membrane edges had a tapered point, suggesting that the INM and the
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ONM were fused at this location, and 3) there was stretches of continuous
membranes above and below the gap, indicating a potential complete pore. I
performed this segmentation in control and ndc1D tomograms (Figure 3.8A and
B, see untraced and traced zoom ins of NE). 3D analysis of the reforming NE
revealed small and large gaps at this time point and those that met the above
criteria were measure and counted as an NPC. Control embryos (average pore
diameter ± S.D = 44.3 nm ± 9.4) and ndc1D embryos contained similar sized
openings (average pore diameter ± S.D = 38.6 nm ± 10.7) (Figure 3.8C, D, and
E).
Next, I quantified the number of pores within the segmented regions of the
NE to determine the density of “NPC” sized holes. The NE in a control embryo
contained an average of 37 “NPC” holes per µm2 (n = 2 areas) and was more
discontinuous (Figure 3.8A and C). In contrast, the NE in ndc1D embryos was
mostly continuous and contained an average of 8.6 “NPC” holes per µm2 (n = 3
areas; (Figure 3.8B and D)). In fact, one large continuous region (500 nm by 200
nm) of the NE in ndc1D embryos contained no holes <100 nm, suggesting the
area was completely devoid of NPCs (Figure 3.8D, bottom 3D model). Taken
together this suggests that the density of NPCs is lower in embryos lacking ndc1.
To corroborate the EM tomography data, I next performed live imaging of
embryos expressing fusion constructs of GFP to different members of the Ycomplex with or without Ndc1. The Y-complex is an essential structural
component of the pore, and without it, NPCs are not assembled and NEs form
completely devoid of pores (Figure 3.9A (Boehmer et al. 2003; Walther, Alves, et
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al. 2003)). I focused on the AB nucleus 300s after anaphase onset, which
allowed enough time for NPCs to assemble and the nucleus to grow slightly, but
not so far into the cell cycle that NPCs would start to disassemble (Figure 3.9B).
In addition to Nup160:GFP, line profiles of fluorescence intensities of GFP
fusions to Nup133NPP-15, Seh1NPP-18, Nup85NPP-2, and ElysMEL-28 revealed that
each component is approximately 50% less enriched at the nuclear rim in the
absence of Ndc1 (Figure 3.9C-G). Evaluation of the NE signal right after mitosis
is difficult due to the presence of the kinetochore associated pool of Y-complex
nucleoporins. However, while imaging these strains during mitosis I also noticed
that the signal associated with the kinetochore appeared dimmer compared to
control (Figure 3.10A). To quantify this observation, I averaged the line scans
across multiple embryos and found the fluorescence intensities of all the Ycomplex components I tested were lower compared to control (Figure 3.10B-F).
Interestingly, PP1C, the protein phosphatase the initiates NE assembly and
localizes to the kinetochore, was not lower in ndc1 RNAi depleted embryos
(Figure 3.10G (Hattersley et al. 2016)). This suggests that Ndc1 is required for
the proper localization or recruitment of the Y-complex nucleoporins to the
kinetochore and to the NE. As a transmembrane nucleoporin, it has been
hypothesized that Ndc1 serves as an anchor for the NPC; thus, the decreased
signal of Y-complex components might reflect less stable NPCs (Mansfeld et al.
2006).
Dynamics of nucleoporins in the early C. elegans embryo
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To initially test the stability of the Y-complex at the NE, I performed FRAP
in oocytes from the adult gonad (Figure 3.11A, top schematic). These nuclei are
ideal because they do not move and there are no changes to nuclear
morphology. After photobleaching a region of the NE in an oocyte expressing
Nup160:GFP (Figure 3.11A, bottom, yellow arrow) and observed low levels
recovery of the Nup160:GFP signal (Figure 3.11A, bottom). To quantify
fluorescence recovery, I measured the fluorescence intensity of Nup160 before
and after bleaching and this confirmed there was little to no recovery of signal
(Figure 3.11B). This suggests that Nup160 at the NE/NPC is highly stable.
Next, I sought to investigate the contribution of Ndc1 to the stability of
Nup160 at the NE. To do this I performed similar photobleaching experiments in
the two-cell stage embryo (Figure 3.12A, schematic). Similar to FRAP
experiments performed in the adult oocyte, Nup160 in wildtype embryos was
extremely stable after robust bleaching (Figure 3.12A and B, blue line). There
was an initial recovery, likely the nucleoplasmic signal, but no clear NE rim signal
was observed within 200s of photobleaching (Figure 3.12B, blue line). In
contrast, ndc1 RNAi depleted nuclei which had a similar region bleached had a
large degree of recovery. (Figure 3.12A and B, red line). To further quantify this
result, I calculated the average mobile fraction and t1/2 for each condition (with
assistance from Jackson Gordon in performing the analysis with R Studio). In
control embryos analysis revealed that ~ 80% of the Nup160:GFP pool at the NE
is immobile (Figure 3.12C; average mobile fraction ± SD = 0.20 ± 0.06, n = 8
nuclei). This high level of stability of Y-complex components is, comparable to
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what has been shown in mammalian cells (Daigle et al. 2001). In ndc1 RNAi
depleted embryos there was a greater than 2-fold increase in the mobile fraction
of Nup160:GFP in the NE, indicating that Nup160:GFP is less stably incorporated
without Ndc1 (Figure 3.12C; average mobile fraction ± SD = 0.47 +/- 0.12, n = 8
nuclei). Interestingly, the t1/2 in control was faster (Figure 3.12C; average t1/2 ±
SD = 36.8 ± 19.9, n = 8 nuclei) than ndc1 RNAi depleted nuclei. This is likely due
to the lower level of recovery that occurs in control. Taken together this data
suggests that Nup160 is stable at the NE, and this is dependent upon Ndc1.
However, using FRAP alone it is unclear if the observed recovery is due to
exchange of Nup160:GFP from a bleached NPC and free Nup160:GFP or if there
is movement of entire unbleached NPCs along the NE.
To distinguish between these possibilities, I attempted to perform
fluorescence loss in photobleaching (FLIP), where I repeatedly bleached the
soluble pool of Nup160:GFP in the two-cell stage embryo (Figure 3.13A).
Unfortunately, due to technical limitations, I was only able to partially bleach the
soluble pool of Nup160:GFP (Figure 3.13B, blue lines). The signal at the NE,
also was inconsistent in these experiments, sometimes increasing, staying stable
or decreasing, making it difficult to draw conclusions (Figure 3.13B, red lines).
More experiments and troubleshooting will need to be performed to answer this
question.
Lastly, I reasoned that if Ndc1 immobilizes Nup160:GFP at the NE by
serving as an anchor for the NPC, then Ndc1 itself should be at least equally
stable and immobile as Nup160:GFP. To test this, I again performed FRAP on
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the AB nucleus of the two-cell stage embryo in a strain expressing Ndc1en:mNG
(Figure 3.14A, yellow arrowhead). Instead of Ndc1en:mNG behaving similar to
Nup160:GFP, I observed that Ndc1en:mNG is highly mobile in the NE (Figure
3.14A, B and C; average mobile fraction ± SD = 0.59 ±- 0.09, t1/2 of 56.8 ± 26.3s,
n = 8 embryos). Thus, Ndc1 functions dynamically to promote the stable
association/incorporation of the Y-complex components at the NE, rather than
serving as a simple anchor for the NPC.
Discussion
My work shows that Ndc1 is required for the rapid establishment of
nuclear transport after mitosis (Figure 3.15). When ndc1 is depleted using RNAi,
there is a reproducible delay and decreased overall levels of nuclear transport.
Prior studies that showed Ndc1 was required for the establishment of nuclear
transport did not determine the underlying cause for this delay (Anderson et al.
2009). In line with this observation, I found that endogenously tagged Ndc1 is
recruited rapidly after the first mitosis to the reforming NE. In addition, my work in
the two-cell stage embryo clearly shows that NE assembly (recruitment of ER
membranes and INM proteins) occurs with the same kinetics in ndc1 RNAi
depleted embryos as in control embryos, suggesting the cause of delayed
nuclear transport is not due to a stalled NE assembly. Specifically, 3D
reconstructions of EM tomograms shows that when ndc1 is absent, nascent NEs
of the “non-core” region are more continuous and on average contain ~4.3-fold
fewer holes that fit the dimensions of nascent NPCs (Figure 3.15);(Otsuka et al.
2018)).
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As in other systems, components of the NPC scaffold (Y-complex) are
extremely stable once incorporated into the NE (Daigle et al. 2001; Rabut, Doye,
and Ellenberg 2004). Depletion of ndc1 does increase the mobile fraction of
Nup160, which suggests that its normal function is to anchor the NPC together
and prevent the exchange (Figure 3.15). However, I cannot rule out the
possibility that the mobile fraction increases because entire NPCs within the NE
are laterally moving. This possibility is unlikely because the NPCs are connected
to the nuclear lamina. The FLIP experiments that I attempted to perform would
answer this question and more troubleshooting is required to elucidate this
answer. My data argues against the hypothesis that Ndc1 serves as an anchor
for the NPC at the NE. Endogenously tagged Ndc1 has a mobile fraction
upwards of 60%, suggesting that it is highly dynamic at the NE (Figure 3.15). If it
were to act as an anchor for the pore, I would predict that this fraction would be
much lower and similar to components like Nup160, which are strongly
incorporated within the NPC. In support of Ndc1 being a dynamic component of
the NPC, metabolic labeling in budding yeast found that, unlike other
transmembrane nucleoporins, Ndc1 was readily exchanged (Onishchenko et al.
2020; Hakhverdyan et al. 2021).
How might Ndc1 function during post-mitotic NPC assembly, if it is more
dynamic and not just an anchor? One possibility is that during this timeframe
Ndc1 helps to stabilize the incorporation of the Y-complex and other
nucleoporins, potentially by helping to sculpt membranes. Electron tomography
studies of the earliest stages of NE reformation revealed that assembly of
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nuclear pores initiates in 40 nm NE holes that then dilate upon scaffold assembly
into the mature NPC diameter (Otsuka et al. 2018). The fact that loss of ndc1
results in nascent NEs that are continuous but with only a few holes <100 nm
suggests that Ndc1 itself or factors recruited by Ndc1, such as Nup53, may
sculpt or maintain these small holes that are for NPC assembly. The role of
Nup53 in post-mitotic NPC assembly will be explored in Chapter 4.
Furthermore, recent work has shown that preassembled Y-complex
subunits associated with holes in the ER initiate NPC assembly after anaphase
(Chou et al. 2021). However, it remains unclear if this Y-complex organization is
utilized by C. elegans, but it is interesting to speculate about that possibility of
Ndc1 helping to sculpt these holes and in turn allow the association of the
different subcomplexes to ensure rapid NPC assembly after mitosis.
Surprisingly, the levels of all the Y-complex components I tested were also
lower at the kinetochore. In Chapter 2, I showed that in embryos lacking ndc1
there was a higher incidence of chromosome segregation defects. One possibility
is that in these embryos, the lower levels of Y-complex components at the
kinetochore leads to improperly built or faulty kinetochores and in turn this
causes chromosome segregation failure and embryonic lethality. However, with
my current data, it is unclear if the reduced level at the kinetochore is due to
lower levels of Y-complex components at the NE during the one-cell stage. More
experiments utilizing photo-activation or -conversion would help to clarify which
pool of the Y-complex components were used for kinetochore assembly.
Interestingly, PP1C, which is the phosphatase that is recruited by Elys to initiate
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NE assembly (Hattersley et al. 2016), is recruited to the kinetochore normally,
even though Elys levels are lower. One possibility is that even the reduced levels
of Elys at the kinetochore and NE are enough to recruit all the PP1C that is
needed to initiate NE assembly.
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Figure 3.1 A timeline of the two-cell stage C. elegans embryo
Schematic of two-cell stage C. elegans embryo at different timepoints during the
two-cell stage. Major events are indicated relative to anaphase onset.
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Figure 3.2 Ndc1 is recruited at the same time as membranes and the inner
nuclear membrane protein LEM-2
(A and B) Confocal overview and magnified images of one-cell stage embryo
from a time lapse series of indicated markers for indicated conditions. Scale bars,
10 μm for overview image and 5 μm for magnified images. Time (s) relative to
furrow ingression.

100

Figure 3.3 Ndc1en:mNG accumulates on the chromatin surface following
anaphase onset
Confocal overview and magnified images of mitotic stage embryo from a time
lapse series of indicated markers. Scale bars, 10 μm for overview image and 5
μm for magnified images. Time (s) relative to anaphase onset.
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Figure 3.4 Recruitment of LEM-2 occurs prior to initiation of nuclear import
in control and ndc1 RNAi depleted embryos
(A and B, Top) Confocal overview images of two-cell stage embryo from a time
lapse series with indicated markers for indicated conditions. Scale bars, 10 μm
for overview image and 5 μm for magnified images. Time (s) relative to furrow
ingression. (Bottom) Line scan profiles of fluorescence intensity of indicated
markers.
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Figure 3.5 Ndc1 is required for normal nuclear import, but not the formation
of the nuclear envelope
(A) Confocal overview images of two-cell stage embryo from a time lapse series
of expressing indicated markers and at indicated time points relative to furrow
ingression. Scale bar, 10 μm for overview image.
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Figure 3.6 Depletion of ndc1 delays and limits nuclear transport after
mitosis
(A) Confocal images of mitotic embryo and chromosome region from time series
relative to anaphase onset with indicated markers and in indicated conditions.
Scale bar, 5 μm. (B) Plot of nuclear to cytoplasmic ratio of GFP:NLS-LacI for
indicated conditions. n = number of embryos. Average ± S.D. is shown. (C) Plot
of normalized nuclear to cytoplasmic ratio of GFP:NLS-LacI for indicated
conditions. n = number of embryos. (D) Equation and plot of rate of change in the
nuclear to cytoplasmic ratio of GFP:NLS-LacI between each time point in the first
200 s after anaphase for the indicated conditions. Average is shown.
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Figure 3.7 Nuclear envelope breakdown in P1 cell is delayed in embryos
depleted of ndc1
(A) Confocal overview images of two-cell stage embryo from a time lapse series
of expressing indicated markers and at indicated time points relative to furrow
ingression. Scale bar,10 μm for overview image. (B) Plot of average time for
NEBD of AB and P1 nuclei relative to furrow ingression for indicated conditions. n
= 18 for cntrl and 13 for ndc1(RNAi).
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Figure 3.8 ndc1D nuclear envelopes are mostly continuous and devoid of
pores after mitosis
(A and B, Left) Overview images: z-slice from electron tomogram of nuclear
formation timed relative to initiation of furrow ingression. (right) Untraced and
traced regions of NE from central Z-slice (Left). (C and D) 3D models from EM
tomography dataset: traced membranes (magenta) and NE holes < 100 nm
(blue). (E) Plot of diameters of NE holes < 100 nm measured in IMOD. Scale
bars are indicated in the figure.
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Figure 3.9 Depletion of ndc1 reduces the incorporation of the Y-complex
nucleoporins after mitosis
(A) Schematic of the Y-complex (outer ring scaffold/Nup107/160 complex). C.
elegans names in black and mammalian homologs in gray. Some components
are omitted for simplicity. (B) Schematic of two-cell stage embryo at 300s post
anaphase onset. The AB nucleus is highlighted in pink. (C, D, E, F, and G. Left)
Confocal overview and magnified images of two-cell stage embryo and AB
nucleus from a time lapse series of indicated markers for indicated conditions.
Scale bars, 10 μm for overview image and 5 μm for magnified images. (Right)
Line scan profiles of fluorescence intensities of indicated markers at the NE.
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Figure 3.10 Depletion of ndc1 reduces the levels of the Y-complex
nucleoporins at the kinetochore
(A) Schematic of one-to-two-cell stage embryo about to undergo chromosome
segregation. Y-complex components localize to the holocentric kinetochore as
marked in green. (B, C, D, E, F, and G. Left) Confocal overview images of
chromosome region during mitosis of one-to-two-cell stage embryo from a time
lapse series of indicated markers for indicated conditions. Scale bars, 5 μm
(Right) Line scan profiles of fluorescence intensities of indicated markers at the
kinetochore.
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Figure 3.11 Nup160 is highly stable in oocyte nuclei
(A, Top) Schematic of whole C. elegans worm and gonad arm. (Bottom)
Confocal image montage of -1 oocyte nuclei from a time lapse series of indicated
markers. Region of the nuclear envelope that was bleached using 405nm laser is
indicated by yellow arrowhead. Scale bar, 5 μm. (B) Plot of individual trace of
normalized fluorescence intensity of Nup160:GFP, time (s) relative to pre-bleach
frame.
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Figure 3.12 Ndc1 Limits the turnover of Nup160:GFP at the nuclear
envelope after mitosis
(A) Confocal overview and magnified images of two-cell stage embryo from a
time lapse series of expressing Nup160:GFP for indicated conditions. Region of
the NE that was bleached using 405nm laser is indicated by yellow arrow head.
Scale bars, 10 μm for overview image and 5 μm for magnified image. (B) Plot of
individual traces of normalized fluorescence intensity of Nup160:GFP, time (s)
relative to bleach frame. (C) Values for mobile fraction and T1/2 for indicated
conditions. n = number of nuclei analyzed.
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Figure 3.13 Attempted FLIP experiments to test the source of Nup160:GFP
exchange
(A) Schematic of two-cell stage embryo for FLIP experimental setup. (B) Plot of
individual traces of normalized fluorescence intensity of Nup160:GFP, time (s)
relative to bleach frame.
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Figure 3.14 Ndc1 is a dynamic component of the NPC
(A) Confocal overview and magnified images of two-cell stage embryo from a
time lapse series of expressing Ndc1en:mNG. Region of the NE that was
bleached using 405nm laser is indicated by yellow arrowhead. Scale bars, 10 μm
for overview image and 5 μm for magnified image. (B) Plot of individual trace of
normalized fluorescence intensity of Ndc1en:mNG, time (s) relative to bleach
frame. (C) Values for mobile fraction and T1/2. n = number of nuclei analyzed.
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Figure 3.15 Ndc1 is a dynamic regulator of post-mitotic NPC assembly
(A) Model of Ndc1’s role in post-mitotic NPC assembly. When Ndc1 is present, it
aids the stable incorporation of the Y-complex into the NPC after chromosome
segregation to ensure initiation of nuclear transport. Ndc1 itself is highly dynamic
at the NE. (B) When Ndc1 is not present, fewer NPCs are assembled and
nuclear import is delayed. In addition, the Y-complex is more dynamic when
Ndc1 is not present at the NE.
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Chapter 4: Ndc1 and Nup53 independently regulate NPC assembly
Some of this work has been published and/or modified from published work in
the manuscript:
Mauro M, Celma G, Zimyanin V, Gibson K, Redemann S, and Bahmanyar
S. NDC1 is necessary for stable assembly of the nuclear pore scaffold in early
C. elegans embryos. biorxiv. doi:10.1101/2021.07.17.452264
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Introduction
Nup53 is a member of the inner ring, which contains an internal highly
conserved RRM domain and a C-terminal amphipathic helix (Figure 4.1 and Figure
4.2A). These domains are essential to Nup53’s ability to dimerize and deform
membranes during post-mitotic NPC assembly (Vollmer et al. 2012; Eisenhardt,
Redolfi, and Antonin 2014) Furthermore, Nup53 is absolutely required for NPC
assembly both in vivo and in vitro (Hawryluk-Gara et al. 2008; Ródenas et al. 2009;
Vollmer et al. 2012; Eisenhardt, Redolfi, and Antonin 2014). The N-terminus of
Ndc1 binds directly to the C-terminus of Nup53 (Figure 4.2A; (Eisenhardt, Redolfi,
and Antonin 2014)). In turn, Nup53 binds to Nup93 and Nup205 through its Nterminus and then the C-terminal half of Nup53 binds to Nup155 (Figure 4.2A;
(Hawryluk-Gara, Shibuya, and Wozniak 2005; Mansfeld et al. 2006; Eisenhardt,
Redolfi, and Antonin 2014; Linder et al. 2017)). These interconnections are thought
to structurally link and anchor the inner ring to the pore membrane.
Phosphorylation of Nup53 at a key residue, S314, by PLK-1 was sufficient to begin
NPC disassembly (Linder et al. 2017). This also suggests that Ndc1’s main
function is to link the NPC to the pore membrane through Nup53 and that Nup53
is an essential driver of NPC assembly.
Given this data, it seems likely that Ndc1 functions through Nup53 in the
same pathway to ensure that NPCs are assembled properly after mitosis.
However, when Nup53 is unable to bind membranes, the C-terminal half of Ndc1
(which doesn’t bind Nup53) is sufficient to form closed nuclei in the Xenopus egg
extract system (Eisenhardt, Redolfi, and Antonin 2014). This suggests that Ndc1
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is capable of compensating in NPC assembly when Nup53 is partially
nonfunctional in a Nup53-independent manner. My work also suggests that Ndc1
is required for the incorporation of Nup53, and this is in line with prior work that
shows Ndc1 recruits Nup53 to the assembling NPC in HeLa cells (Mansfeld et al.
2006). This data suggests Ndc1 is potentially acting upstream of Nup53 during
NPC formation or in an independent pathway. These inconsistencies make it
difficult to fully understand how Ndc1 and Nup53 both facilitate NPC biogenesis
and a more thorough investigation that incorporates genetic analysis is required.
Here I determine the individual contributions of Ndc1 and Nup53 in postmitotic NPC assembly in the one- and two-cell stage C. elegans embryo. Loss of
Nup53, although more severe than loss of Ndc1, leads to decreased NPC
assembly in both the one- and two-cell stage embryo as well as delayed and
decreased nuclear import after mitosis. Interestingly, while loss of either Ndc1 or
Nup53 decreases the level of Nup160 at the NE, only Nup53 appears to be
required for the proper distribution of NPCs at the NE. Interestingly, loss of Ndc1
increases the embryonic lethality when Nup53 function is partially compromised.
Furthermore, loss of both Ndc1 and Nup53 prevents NE assembly from occurring
and results in nuclei devoid of NPCs. Taken together this data, suggests that Ndc1
and Nup53 have shared and individual roles during post-mitotic NPC assembly.
Results
Depletion of nup53 phenocopies depletion of ndc1
To determine that RNAi depletion adequately reduced the levels of Nup53
I took a two-pronged approach. First, I probed whole worm lysates from control
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and nup53 RNAi depleted samples and found that global protein levels were
strongly reduced after 24 hours of nup53 RNAi compared to control (Figure 2.12D,
compare lanes one and four of western blot). Second, I fixed and stained control
and nup53 RNAi depleted embryos with mAb414 and a-Nup53. Whereas control
nuclei had a strong smooth staining pattern for both antibodies (Figure 4.3A),
nup53 RNAi depleted nuclei had a decreased and patchy appearance of mAb414
(Figure 4.3B). Additionally, a-Nup53 staining was completely absent in RNAi
depleted embryos (Figure 4.3B, see zoom in). Depletion of Nup53 also produced
largely dead embryos (average ± S.D. = 99.1% ± 1.9%) (Figure 4.3C; (Galy, Mattaj,
and Askjaer 2003)). Taken together, these data suggest that RNAi depletion of
Nup53 is robust and removes the majority of Nup53 from the early embryo.
My previous live cell imaging of embryos depleted of Nup53 showed that
nuclear import was most strongly reduced compared to control and the nucleoporin
RNAi conditions (Figure 2.8A and B, see purple line). Depletion of nup53 also
decreased the staining of mAb414, suggesting that NPC assembly is likely highly
compromised (Figure 4.3B). To confirm that NPC assembly is in fact disrupted, I
performed live cell imaging of embryos expressing Nup160:GFP in control and
nup53 RNAi depleted one-cell stage embryos. Live imaging revealed that similar
to the staining pattern described above, Nup160:GFP at the NE was decreased in
fluorescence intensity and the Nup160:GFP that was there was more punctate or
patchy in appearance (Figure 4.4A). Interestingly, in addition to the NE phenotype,
depletion of nup53 also decreased the presence of cytoplasmic Nup160:GFP
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puncta (Figure 4.4B, see inset). Taken together this data suggests that loss of
Nup53 phenocopies loss of ndc1.
To determine the extent to which Nup53 phenocopies Ndc1, I next imaged
the two-cell stage to assess post-mitotic NPC assembly and nuclear import. First,
I determined that kinetochores in nup53 RNAi depleted embryos had lower levels
of both Nup160:GFP (Figure 4.5A) and Elys:GFP (Figure 4.5B). In wildtype
embryos, Nup160:GFP is quickly found on the nuclear rim, within the first 200s of
anaphase onset and is uniformly distributed (Figure 4.6, left montage). In contrast,
nup53 RNAi depleted nuclei had clear chromosome segregation defects (Figure
4.6, right see mCh:H2B montage, 100s time point) and did not have any signs of
a Nup160:GFP rim by 200s after anaphase onset (Figure 4.6). Signs of a faint rim
are present by 400s after anaphase onset, but it is not uniform around the nucleus
and is gone by 600s after anaphase onset (Figure 4.6). Taken together, these data
suggest that Nup53 is absolutely required for the formation of NPCs after mitosis.
However, the presence of some Nup160:GFP signal at the NE also suggests that
some NPCs are assembled even without Nup53. Next, I sought to determine
Nup53’s role in establishing nuclear transport after mitosis. Not surprisingly, half
of the AB nuclei analyzed (4/8 nuclei) never accumulated GFP:NLS and those that
did initiate transport were severely delayed (Figure 4.7A and B). Interestingly, the
P1 nuclei all initiated nuclear transport, but this was delayed compared to control
(Figure 4.7B). Lastly, depletion of Nup53 increased the delay between the AB and
P1 NEBD (Figure 4.7B). Taken together, these data further indicate that like Ndc1,
Nup53 is required for post-mitotic NPC assembly and in turn proper initiation of
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nuclear transport. As binding partners, it’s possible that the shared phenotypes are
due to disruption of the same singular pathway. I next sought to uncover the shared
and unique contributions of these two proteins in post-mitotic NPC assembly.
Depletion of ndc1 enhances the lethality of a mutant nup53 allele
To determine if Ndc1 and Nup53 cooperate in post-mitotic NPC assembly
in C. elegans, I utilized a strain carrying a partially functional mutant allele of Nup53
(nup53tm2886), which has a small internal deletion in the central region
corresponding to an RRM domain (Daa 217-286) and is important for its
dimerization (Figure 4.2B and Figure 4.11A; (Ródenas et al. 2009)). The
Nup53tm2886 protein is expressed at lower levels compared to wild type Nup53 and
is line with what’s been reported previously (Figure 2.12D, compare lanes one and
three of western blot; (Ródenas et al. 2009)). However, it is not known if this
internal deletion disrupts Nup53’s interaction with Ndc1. At the permissive
temperature (20°C), nup53tm2886 nuclei were stained with mAb414 antibody,
although at a reduced amount compared to control, suggesting this allele is
functional enough to support some NPC assembly (Ródenas et al. 2009). First, I
determined the levels of embryonic lethality associated with each condition at the
permissive temperature. Similar to what I reported earlier, ndc1 RNAi depleted
embryos experience little to no embryonic lethality (average ± S.D. = 2.3% ± 2.2%,
Figure 4.8B). nup53tm2886 embryos had slightly increased embryonic lethality at the
permissive temperature (range 0% - 51%, average ± S.D. = 11% ± 15%, Figure
4.8B, purple circles). However, this is slightly lower than previously reported for the
permissive temperature, but one possibility is that environmental conditions were

119

not identical and slight temperature variations could change the observed result
(Ródenas et al. 2009). Interestingly, depletion of ndc1 in the nup53tm2886 genetic
background greatly increased the embryonic lethality compared to all other
conditions at the permissive temperature (range 3% - 100%, average ± S.D. = 70%
± 36%, Figure 4.8B, green circles).
At the non-permissive temperature (25°C), control and ndc1 RNAi depleted
embryos had little to no embryonic lethality (Figure 4.8C, gray and red circles). In
contrast, nup53tm2886 embryos experienced higher embryonic lethality (range 24%
- 99%, average ± S.D. = 54% ± 18%, Figure 4.8B, purple circles). Furthermore,
depletion of ndc1 in the nup53tm2886 genetic background decreased the range and
increased the average of embryonic lethality (range 40% - 100%, average ± S.D.
= 81% ± 21%, Figure 4.8B, green circles). I next sought to cross ndc1D to the
nup53tm2886 genetic background, but after numerous attempts I was unable to
generate this strain, indicating the genetic combination was likely 100% lethal.
Taken together, these data suggest that ndc1 and nup53 genetically interact with
one another.
As an alternative approach, I attempted to directly disrupt the binding of
Nup53 and Ndc1. In vertebrate cells, Ndc1-Nup53 binding is diminished when
S314, which is targeted by PLK-1, is mutated to S314E. In C. elegans, this site is
not perfectly conserved, but at the corresponding aa T357 is a consensus site T/S
followed by proline, which might be targeted by CDK-1 (Figure 4.1, strain 2).
Additionally, two other residues S311 and S318, match the consensus sequence
for PLK-1 ([E/D]X[pS/pT][I/L/V/M]X[E]) (Figure 4.1, strain 1; (Linder et al. 2017)).
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Using CRISPR-Cas9 genome editing, I mutated these sites in CeNup53 to
glutamic acid to mimic a phosphorylation state and potentially disrupt Ndc1 binding
(Figure 4.1, strains 1 and 2). I predicted that if these mutations disrupted binding,
they would phenocopy loss of Ndc1. However, neither set of mutations caused
embryonic lethality (Figure 4.9, purple and green dots). I next wondered if like
nup53tm2886, these mutations would create a sensitized background. Interestingly,
ndc1 RNAi depletion in nup53S311E+S318E significantly increased embryonic lethality,
while having little to no effect in nup53T357E background (Figure 4.9, compare green
and red dots). Taken together this data further suggests, that embryos are
sensitive to loss of Ndc1 when nup53 is mutated.
Nup53 and Ndc1 are both required for proper nuclear import and NPC
assembly
To investigate the genetic interaction between ndc1 and nup53 further, I
next utilized live imaging of different fluorescently tagged strains in the nup53tm2886
genetic background, with or without Ndc1 present. Live imaging of nup53tm2886
expressing GFP:NLS, revealed that one-cell embryos revealed that paternal
pronuclei expand and establish import (Figure 4.10, left), similarly to nup53 RNAi
depleted nuclei (Figure 2.10) but to a lesser extent than control and ndc1 RNAi
depleted embryos (Figure 2.10). In contrast, the paternal pronuclei in nup53tm2886
mutant embryos depleted of ndc1 remains extremely compacted and nuclear
import is never established, even at -100s relative to PC regression when
GFP:NLS accumulates to detectable levels in the paternal pronucleus of
nup53tm2886 embryos (Figure 4.10, right). Next, I performed similar live imaging with
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Nup160:GFP to assay the state of NPCs at the NE. nup53tm2886 nuclei, had patchy
Nup160:GFP signal at the NE, similar to what I observed with the mAb414 staining
pattern in nup53 RNAi depleted embryos (Figure 4.11A, left and Figure 4.3B). In
contrast, nup53tm2886; ndc1 RNAi depleted nuclei had no clear NE rim of Nup160;
instead, it appeared to coat the chromatin surface (Figure 4.11A, right). The
paternal pronuclei in this case remained highly compacted and didn’t expand in
size during the cell cycle (Figure 4.11A, right).
To quantify the degree of compactions, I measured the pronuclear size at 100s relative to PC regression, a timepoint when nuclei have completed most of
their expansion, for example control nuclei reach ~8 µm in diameter (Figure 4.11B).
Both nup53 RNAi depleted and nup53tm2886 nuclei were smaller, but comparable,
4.1 µm, and 4.2 µm respectively (Figure 4.11B). nup53tm2886 nuclei depleted of
ndc1 were significantly smaller than all other conditions with an average diameter
of 2.6 µm, with only one pronucleus expanding to a similar size as the nup53 RNAi
condition, likely representing an embryo where the RNAi failed (Figure 4.11B).
Taken together this data suggests that when both Nup53 and Ndc1 are
compromised NE and NPC assembly completely fails. However, it is difficult to
know whether this more extreme phenotype when Ndc1 is depleted is due to the
mutant version of Nup53 or because the nup53tm2886 genetic background also has
lower levels of Nup53.
To distinguish between these two possibilities, I fixed and stained ndc1D
embryos with or without Nup53 using mAb414. In ndc1D embryos, nuclei were
smaller, but did have a clear consistent rim staining for mAb414 (Figure 4.12A, left
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set of zoom ins). In contrast, when nup53 was depleted in ndc1D embryos, there
was no nuclear growth (Figure 4.12A, right set of zoom ins). Again, to quantify the
degree of compactness for the DNA, I measured the nuclear diameter. In ndc1D
embryos, there was a small range of diameters, because the pronuclei were not
measured at the same time point within the cell cycle (average ± S.D. = 4.0 µm ±
1.4µm, Figure 4.12B). The highly compacted paternal pronuclei in ndc1D embryos
depleted of nup53 were much smaller on average and had less of a range (average
± S.D. = 1.8 µm ± 0.25 µm, Figure 4.12B). To further quantify the mAb414 staining
pattern, I scored embryos according to four different descriptions: 1) normal, 2)
patchy, 3) faint rim, and 4) no rim. Control and ndc1D embryos all had normal
nuclear rim staining (Figure 4.12C). All the nup53 RNAi depleted pronuclei were
patchy in appearance (Figure 4.3B and Figure 4.12C). Of the 18 ndc1D embryos
depleted of nup53, none had a normal rim appearance, more than half (11/18) had
no rim, about one third (5/18) had a patchy appearance and a minority (2/18) had
a faint rim (Figure 4.12C).
Discussion
Similar to depletion of ndc1, RNAi of nup53 leads to defects in NPC
assembly, nuclear transport, and proper cell cycle progression. However, in all
cases, the phenotypes associated with nup53 RNA were more severe than ndc1
RNAi, suggesting that Nup53 plays a more centralized role in NPC assembly. One
aspect that was unique to Nup53 was the distribution/organization of NPCs at the
NE. The fact that Ndc1 leads to lower levels of NPCs uniformly throughout the NE,
but Nup53 causes clustering defects suggests independent functions. In line with
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in vitro experiments, formation of nuclei after the first mitosis of the two-cell stage
embryo did not occur properly. In half of the AB nuclei, nuclear transport never
initiated, and in the other half accumulation of GFP:NLS was barely above
cytoplasmic background levels, suggesting catastrophic defects in the assembly
process. More quantitative analysis is difficult to perform because of the severity
of the NE assembly defects. Additionally, Nup53 appears to be required for the
formation of cytoplasmic Nup160 puncta similar to Ndc1. Unfortunately, my
attempts to disrupt binding between Ndc1 and Nup53 by making specific point
mutations at the nup53 genomic locus are inconclusive. It is unclear if the residues
I mutated had the conserved function, or it is also possible that I need to mutate
more residues in conjunction. A more thorough mutation and binding analysis will
need to be performed in C. elegans to better understand the important of the
Nup53-Ndc1 interaction.
The nup53tm2886 genetic background offered a sensitized background to
elucidate the independent roles of Nup53 and Ndc1. The internal deletion in nup53
removed parts of the RRM domain, which is important for its ability to
homodimerize. Currently, it is not known if this deletion impacts Nup53’s ability to
bind with other nucleoporins. For example, the binding regions of Nup155 and
Ndc1 are adjacent to the RRM domain. The RNAi depletion of ndc1 increased the
embryonic lethality associated with nup53tm2886 at both 20°C and 25°C, indicating
a potential genetic interaction. If Nup53tm2886 was simply unable to bind Ndc1 then
RNAi depletion would likely not have increased the embryonic lethality, suggesting
that this phenotype is not due to a simple binding disruption. However, direct
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binding experiments between Nup53tm2886 and its partners are needed to confirm
that Nup53tm2886 interacts normally with other proteins. Interestingly, the
nup53tm2886;ndc1(RNAi) condition did not increase the lethality to 100% for all
worms. This is likely due low levels of Ndc1 remaining after RNAi because I was
unable to generate the double mutant strain due to complete embryonic lethality.
Using live cell imaging, I find that nuclei in the nup53tm2886;ndc1(RNAi)
condition did not form clear nuclear rims of Nup160:GFP, but instead there is faint
signal on the chromatin. One explanation for this accumulation is Nup160’s ability
to localize to the kinetochore normally (Belgareh et al. 2001; Loïodice et al. 2004),
and thus might be incorrectly localized to the chromatin surface during the one-cell
stage

when

NPC

assembly

fails.

Interestingly,

while

imaging

the

nup53tm2886;ndc1(RNAi) embryos, expressing either Nup160:GFP or GFP:NLS, all
the embryos, except for one had compact pronuclei. All these embryos failed to
properly go through the rest of the cell cycle and their fate was likely embryonic
lethal. This is slightly at odds with my embryonic lethality data that found some
embryos still hatch at the permissive temperature. The exact temperature during
imaging is not monitored, so it is possible that the embryos were not imaged at the
permissive temperature and therefore trended towards the more extreme
phenotype.
Performing the reciprocal experiment, where I deplete nup53 in ndc1D
embryos showed that nuclear assembly also failed, suggesting that lower levels of
both Ndc1 and nup53, not the mutant form of Nup53 was why nuclear assembly
also failed in nup53tm2886;ndc1(RNAi) embryos. Taken together, the failure of
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nuclear assembly when both Ndc1 and Nup53 are missing, suggests that the two,
at least in part, are functioning in parallel pathways to drive robust nuclear
assembly in early C. elegans embryos. Interestingly, the extremely condensed
paternal pronuclear appearance phenotype when levels of Nup53 and Ndc1 are
decreased, is reminiscent of RNAi depletion of npp-6 (Nup160 in humans) during
the one-cell stage C. elegans embryo (Hattersley et al. 2016). One possible
explanation for this is that Nup160 or the entire Y-complex might be downstream
of both Ndc1 and Nup53. Thus, when a component of the Y-complex is depleted
you get a more extreme phenotype than if either Nup53 or Ndc1 is depleted. It is
only when both are gone that Nup160 or the Y-complex cannot be recruited
properly and nuclear assembly fails. One outstanding question is whether ER
membranes are still able to wrap around the highly condensed chromatin. Prior
work showed the NE still forms when the Y-complex is depleted, but the
membranes are entirely devoid of pores (Boehmer et al. 2003; Harel et al. 2003).
The recent work depleting nup160npp-6 did not assay membrane accumulation, so
currently it remains unknown if the chromatin is completely exposed in the
cytoplasm (Hattersley et al. 2016).
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Figure 4.1 Sequence alignment of Nup53 across different species
Sequence alignment of the C-terminal half of Nup53 from indicated species.
Different domains are marked on their relative position within Nup53
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Figure 4.2 Schematic of human and C. elegans Nup53
(A) Schematic of Nup53 domain architecture and binding interactions based on
human Nup53 binding sites. (B) Schematic of C elegans Nup53 domain
architecture and the resulting mutant protein from the nup53tm2886 allele.

128

Figure 4.3 Successful depletion of nup53 by RNAi in the early embryo
(A and B) Fixed overview and magnified images of C. elegans embryos
immunostained with antibodies that recognize Nup53 and mAb414 for indicated
conditions. Scale bars, 10 μm and 5 μm for magnified images. (C) Plot of
percentage embryonic lethality for indicated conditions. N = number of worms. n
= number of embryos.
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Figure 4.4 Depletion of nup53 decreases the localization of Nup160:GFP in
the one cell stage embryo and cytoplasmic puncta
(A) Confocal overview and magnified images of one-cell stage embryo
expressing indicated markers and at indicated timepoints. Scale bars, 10 μm and
5 μm for magnified images. (B) Maximum projection confocal overview images of
one-cell stage embryo expressing Nup160:GFP. Scale bar, 10 μm.
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Figure 4.5 Depletion of nup53 reduces the levels of Nup160:GFP and
Elys:GFP at the kinetochore during mitosis
(A and B, Left) Confocal overview images of chromosome region during mitosis
of one-to-two-cell stage embryo from a time lapse series of indicated markers for
indicated conditions. Scale bar, 5 µm. (Right) Line scan profiles of fluorescence
intensities of indicated markers at the kinetochore. n = number of kinetochores
analyzed.
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Figure 4.6 NPC formation after mitosis does not occur properly after nup53
RNAi depletion
Confocal overview images of chromosome region during mitosis of wo-cell stage
embryo from a time lapse series of indicated markers for indicated conditions.
Scale bar, 5 µm.
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Figure 4.7 Nup53 is required for the establishment of nuclear transport
after mitosis
(A) Confocal overview images of two-cell stage embryo from a time lapse series
of indicated markers for indicated conditions. Scale bar, 10 μm. (B) Plot of
average timing for NLS:GFP entry and loss in both AB and P1 nuclei for
indicated conditions. n = number of nuclei analyzed.
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Figure 4.8 Depletion of ndc1 enhances the embryonic lethality of
nup53tm2886 worms
(A) Schematic of nup53 genomic locus (top) and tm2886 allele (below). (B and
C) Plot of percentage embryonic lethality for indicated conditions. N = number of
worms. n = number of embryos.
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Figure 4.9 Depletion of ndc1 enhances the embryonic lethality of
nup53S311E+S318E worms
Plot of percentage embryonic lethality for indicated conditions. N = number of
worms. n = number of embryos.

135

Figure 4.10 nup53tm2886 embryos do not establish nuclear transport when
ndc1 is RNAi depleted
Confocal overview and magnified images of one-cell stage embryo from a time
lapse series of indicated markers for indicated conditions. Scale bar, 10 μm for
overview image and 5 μm for magnified images.
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Figure 4.11 Nup160:GFP does not localize to the nuclear envelope in
nup53tm2886 embryos RNAi depleted of ndc1
(A) Confocal overview and magnified images of one-cell stage embryo from a
time lapse series of indicated markers for indicated conditions. Scale bars, 5 μm
for overview image and 5 μm for magnified images. (B) Plot of average paternal
pronuclear diameter for indicated conditions at -100s relative to PC regression. n
= number of embryos. cntrl n = 9, nup53(RNAi) n = 11, nup53tm2886 n = 7, and
nup53tm2886;ndc1(RNAi) n = 7.
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Figure 4.12 RNAi depletion of nup53 in ndc1D embryos prevents NPC
assembly
(A) Overview and magnified images of paternal pronucleus from fixed one-cell
stage embryos immunostained with mAb414 for indicated conditions. Scale bars,
10 μm for overview image and 5 μm for magnified images. (B) Plot of paternal
pronuclear diameter for indicated conditions at indicated time point. n = number
of embryos. ndc1D n = 20 and ndc1D; nup53(RNAi) n = 18. A two-way ANOVA
was used to determine statistical significance between indicated conditions. (C,
Top) Magnified images of paternal pronucleus from fixed one-cell stage embryos
immunostained with mAb414 for indicated conditions. (Bottom) Plot of mAb414
appearance surrounding chromatin under indicated conditions.
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Chapter 5: Nuclear size regulation: a balance of NPC assembly and
membrane insertion
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Introduction
Nuclear size varies throughout development and is often abnormal in
different disease states such as cancer (Edens et al. 2013; Jevtić and Levy 2014).
The steady state size that a nucleus will attain is determined by the rate of nuclear
expansion (Levy and Heald 2010). One of the governing factors for the rate of
nuclear expansion is the rate of nuclear import (Levy and Heald 2010; Levy and
Heald 2012; Kume et al. 2017; Ladouceur, Dorn, and Maddox 2015). Recent work
also implicates the supply and type of available membranes in the regulation of
nuclear size (Hara and Merten 2015; Mukherjee et al. 2019; Kume et al. 2017;
Cantwell Id and Nurse 2019; Kume et al. 2019). While this work revealed some of
the factors that are required to support the expanding nucleus, it remains unclear
how cells balance nuclear import and the incorporation membranes to ensure
proper expansion occurs.
The early C. elegans embryo offers a unique and powerful system to study
nuclear expansion in vivo. The one cell stage embryonic division is relatively short
(majority of nuclear growth happens in approximately ~500 - 600 seconds) (Figure
2.1B) and the paternal pronucleus expands during this time (Figure 5.1). Nuclear
size as in other systems varies depending on the developmental stage of the
embryo as well as the tissue type. The one-cell stage embryo is large and
correspondingly the paternal pronucleus is also large (Figure 5.2A). By the 32-64
cell stage nuclei begin to shrink in size as the overall cell size also decreases
(Figure 5.2B). Nuclei in the adult gonad are smaller in size, but are uniform in size
spread out evenly in the rachis of the gonad (Figure 5.2C).
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Here I characterize the contribution of nuclear transport and membrane
incorporation in NE expansion using the one- and two-cell stage C. elegans
embryo. First, I determine that nuclei in the early embryo are spherical in shape
and nuclear volume can be estimated using the central slice of the nucleus. Next,
I develop a semi-automated nuclear tracking script in MATLAB to monitor nuclear
size during nuclear expansion. I find that nuclei depleted of ndc1 grow slower at
both the one and two cell stage, likely due to decreased NPC assembly and in turn
nuclear import capacity. Next, I show that loss of cnep-1, which increases the
amount of ER membranes, increases the rate of nuclear expansion. Interestingly,
I find the nuclear size defect associated with ndc1 can be rescued by the increased
pool of available membranes in embryos lacking cnep-1. Interestingly, while the
nuclear size phenotype is rescued, nuclear import is not restored and is in fact
more defective in the double mutant, indicating membranes may be override
nuclear import requirements during nuclear expansion. Taken together this
suggests that Ndc1 and CNEP-1 regulate nuclear transport and membrane
availability to regulate the rate of nuclear expansion during embryogenesis.
Results
Determination of nuclear shape in the one-cell stage C. elegans embryo
Although the paternal pronucleus of the one-cell stage appears circular in
shape as it rapidly expands (Figure 5.1), its three-dimensional shape has not been
thoroughly characterized by 3D analysis. Traditional confocal microscopy, which
has an XY resolution of ~200nm, but only has a Z resolution of ~500nm, making it
difficult to get accurate 3D information regarding the shape of the nucleus. To
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address this pitfall, I utilized dual-view inverted Selective Plane Illumination
Microscopy (diSPIM), which has isotropic resolution in the XY and Z dimensions
(approximately ~300nm) (Duncan et al. 2019). The increase in Z resolution more
than makes up for the slight decrease in XY resolution and allows for improved 3D
visualization of subcellular structures. Using diSPIM I imaged the one-cell
embryonic stage during pronuclear expansion, capturing slices throughout the
entire embryo. The captured images were then used to generate 3D projections
(Figure 5.3A). Qualitatively, the nuclei during the one-cell stage appear spherical
in shape (compare Figure 5.3A left and after rotation, right).
To quantitatively assess the shape of the nucleus during this stage, I took
two approaches. The first was to estimate the nuclear volume using the widest
central slice of the nucleus (Figure 5.3B, left). The radius of the nucleus of this
!

central slice was used in the volume equation for a perfect sphere (" 𝜋𝑟 " ). This
estimated value was calculated for each time point. Next to calculate the actual
volume of the nucleus at each time point, I used the jFilament plugin of FIJI to
automatically track the NE (marked by Nup160:GFP) throughout the Z dimension
(Figure 5.3B, right). This information allowed me to calculate the area of each slice
of the nucleus, and because each slice had the same Z-thickness (multiply each
area by the Z slice size) I could take the sum of these values to calculate the entire
volume of the nucleus. I was then able to compare the theoretical value (using
!
"

𝜋𝑟 " ) to the calculated value for each time point and nuclei (Figure 5.3C). For each

embryo, most of the calculated measurements all fell within 10% of the estimated
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value, suggesting that the estimation of nuclear volume based off the central slice
was accurate.
Next, I sought to develop a more automated way to track nuclear size in the
early embryo using images acquired on a traditional confocal microscope. Prior to
the completion of meiosis II (Figure 2.1A), the C. elegans embryo does not have
an eggshell and is extremely sensitive to both physical and osmotic stress
(Carvalho et al. 2011; Olson et al. 2012; Stein and Golden 2015). This creates a
challenge because nuclear expansion begins within ~60s of anaphase II (Figure
2.1A), thus it is difficult to catch the early stage of expansion with traditional
imaging approaches. To address this challenge, I utilized a fabricated microdevice
that keeps embryos physically and osmotically stable (Carvalho et al. 2011). I
imaged embryos in this microdevice expressing GFP:H2B to mark the expanding
nucleus (Figure 5.4A, top left and right). Nuclear size was semi-automatically
tracked using a custom written MATLAB script that segmented the nucleus based
on a fluorescence threshold (Figure 5.4A, bottom left and right). The main readout
of this script was pronuclear diameter, which was used to calculate the volume of
the nucleus (Figure 5.4B and C). During the approximately 600s of growth the
nuclear volume increases ~30 fold across a large sample (n =48 nuclei, from
multiple imaging sessions, across different days), suggesting that nuclear
expansion during this stage is highly stereotypical. To validate the accuracy of the
MATLAB script, I compared the values obtained using my script and the values
using the jFilament plugin with embryos that were expressing Nup160:GFP.
Although the values between the two methods are slightly different (MATLAB script
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was consistently higher), the shape of the curve was the same (Figure 5.5). This
discrepancy in size is likely because jFilament tracks more tightly to the NE/inside
of the nucleus, whereas the MATLAB script tracks slightly outside the NE based
on the strong fluorescence intensity of NE markers. The difference in the diameter
is very small, but because nuclear volume is essentially the cubed value of the
radius, a small change can have a large impact. This difference is also not a
concern if nuclear size is compared only with same quantification method. Taken
together these data suggest that nuclear size can be accurately and consistently
measured using the semi-automated script.
Examining the regulators of nuclear size
To begin to characterize what regulates nuclear size in the early embryo, I
first examined the length of the cell cycle. To arrest embryos in the one-cell stage,
I treated worms and embryos with hydroxyurea (HU), which inhibits DNA
replication and locks cells in S-phase (Holway et al. 2006). At time points when
control nuclei have broken down and entered mitosis, nuclei are still present in HU
treated embryos (Figure 5.6A, compared 1000s timepoint). Interestingly, HU
treated nuclei started at a similar size as control, and nuclear volume increased at
a similar rate during the ~600s of normal nuclear expansion (figure 5.6A and B).
After control nuclei broke down, HU treated nuclei continued to expand at the same
rate (Figure 5.6B, 600s-1000s). This suggests that the cell-cycle does not set the
rate at which nuclei grow, but does limit the steady state size of the nucleus by
determining how long nuclei will expand. This also indicates that during the one-
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cell stage there are no limiting reagents that set the size of the nucleus. I next
characterized different factors that may regulate the rate at which nuclei expand.
Prior work indicates that the import and levels of lamin B3 set the rate of
nuclear expansion in Xenopus embryos (Newport 1987; Levy and Heald 2010;
Edens and Levy 2014; Jevtić et al. 2015; Edens, Dilsaver, and Levy 2017). To
determine if lamin plays a similar role in the early embryo, I RNAi depleted lmn-1,
the only lamin gene in C. elegans. Work in our lab showed loss of lamin is
extremely pleotropic and leads to NE rupture and changes in nuclear shape
(Penfield et al. 2018). To circumvent this effect, I looked at the first 200s of nuclear
expansion, prior to when nuclear rupture and nuclear shape changes occurred
(Figure 5.7A). While nuclei started at the same size, after only 200s of expansion
the average values began to diverge (Figure 5.7A and B). I predict that if nuclei
didn’t rupture this difference would be even more pronounced over the entire 600s
time span of nuclear expansion. These data suggests that Lamin is required for
proper pronuclear expansion in the early embryos.
In chapters 2 and 3, I showed that Ndc1 is required for NPC assembly and
in turn nuclear import. Specifically, I also showed that ndc1(RNAi) depleted nuclei
were smaller in size compared to control nuclei (Figure 2.14C). To investigate if
the reduced nuclear size was because nuclei expanded more slowly, I imaged
embryos expressing GFP:H2B from the start of expansion (Figure 5.8, top). Not
surprisingly, nuclei depleted of ndc1 grew consistently slower than control nuclei
during 500s of expansion (Figure 5.8, compare blue and red line). At the end of
500s of expansion control nuclei were quite large (average ± S.D. = 172 µm3 ± 40
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µm3, Figure 5.8) compared to the small nuclei of ndc1 RNAi embryos (average ±
S.D. = 50 µm3 ± 17 µm3, Figure 5.8). The volume for ndc1 RNAi also appeared to
level off around 400-500s after expansion start, suggesting that Ndc1 is absolutely
required for proper expansion.
Next, I focused on the contribution of membranes to NE expansion. To do
this I used the cnep-1D genetic background, which has increased membranes
surrounding the NE and previously has been shown to have increased membrane
incorporation at the NE (Bahmanyar et al. 2014; Penfield et al. 2020). To confirm
that nuclear shape is spherical I imaged cnep-1D embryos using diSPIM as
described above. Like control nuclei, cnep-1D nuclei appeared spherical in shape
(Figure 5.9A). To confirm this, I compared the calculated and estimated volumes
to one another and found them to be extremely close to one another (Figure 5.9B),
suggesting that the nuclei are in fact spherical in shape. I also observed that the
nuclei in this genetic background were larger in volume than control nuclei (Figure
5.9C). I then confirmed that nuclei in cnep-1D embryos expanded at a faster rate
than control and reached a much larger volume compared to control (average ±
S.D. = 283 µm3 ± 42 µm3, Figure 5.8). Taken together this suggests that CNEP-1
limits the amount of membrane incorporation to control the rate of NE expansion.
Loss of cnep-1 rescues smaller nuclear size of ndc1 RNAi depleted embryos
I next wanted to investigate if the increased membrane incorporation could
rescue the smaller nuclear size of ndc1(RNAi) depleted embryos, where nuclear
transport is reduced. To initially test this relationship, I depleted ndc1 in cnep-1D
embryos expressing GFP:LEM-2 and mCherry:H2B, and measured the diameter
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by hand. Surprisingly, I found that loss of cnep-1 rescued the nuclear size of nuclei
depleted of ndc1 (Figure 5.10A). The cnep-1D;ndc1(RNAi) nuclear diameters are
in between both single condition (Figure 5.10A, compare purple triangles to red
squares and yellow triangles). To confirm this rescue further, I performed a similar
experiment to monitor the rate of nuclear expansion. The cnep-1D;ndc1(RNAi)
average nuclear volume was similar to that of control (Figure 5.10B and C,
compare purple trace with blue trace).
To determine if these findings were unique to the paternal pronucleus during
the one-cell stage, I next repeated these experiments in the two-cell stage.
Embryos lacking cnep-1 were larger than control and depletion of ndc1 reduced
nuclear volume (Figure 5.11). Loss of cnep-1 also rescues the decreased nuclear
volume of ndc1(RNAi) embryos, but to a lesser extent than during the one cell
(Figure 5.11). One possibility for this rescue other than the increased supply of
membranes is that loss of cnep-1 increases the rates of nuclear import. To explore
this possibility, I examined nuclear import after the first mitosis. Loss of cnep-1
alone delayed the initiation of nuclear transport similar to ndc1(RNAi) (compare
Figure 5.12A and figure 3.6A). Furthermore, cnep-1D;ndc1(RNAi) experiences a
more severe delay in nuclear import than either single condition (Figure 5.12). This
data suggests that loss of cnep-1 does not rescue nuclear size by increasing the
amount of nuclear import or retention of GFP:NLS that occurs and likely does so
through an increased supply and incorporation of membranes.
To determine, if the loss of cnep-1 rescued other aspects of the ndc1(RNAi)
phenotype I determine if the presence of Nup160:GFP puncta was restored.
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Interestingly, the levels of Nup160:GFP cytoplasmic puncta are not increased in
cnep-1D;ndc1(RNAi) embryos (Figure 5.13A and B). In line with this observation,
loss of cnep-1 also does not rescue the levels of Nup160:GFP at the kinetochore,
which are reduced in ndc1(RNAi) embryos (Figure 5.13C). Taken together this
data suggests that the nuclear size rescue occurs independently of Ndc1’s other
functions and that increasing the supply of membranes can drive increased nuclear
expansion. The nuclear size rescue also appears to be specific to depletion of ndc1
because embryos depleted of nup153 did not experience increased nuclear size
when cnep-1 was deleted (Figure 5.14).
Discussion
A thorough examination of nuclear shape using diSPIM analysis reveals
that nuclei are spherical and that the diameter of the nucleus can be used to
estimate nuclear volume. The spherical shape of the nucleus is likely driven by the
large degree of nuclear import that occurs, filling the volume of the nucleus and
increasing internal pressure. This hypothesis is based on higher colloid osmotic
pressure inside pushing outwards towards the NE (Mitchison 2019). Surprisingly,
embryos lacking cnep-1 which experience leakage of GFP:NLS, are still spherical.
There are multiple possibilities for this phenomenon: 1) retention of large
molecules occurs normally and generates the necessary pressure, 2) the nuclear
lamina provides enough mechanical support that nuclei remain spherical, and 3)
the surface tension produced by the NE prevents nuclear shape changes. It is
likely a combination of these mechanical forces that maintain nuclear shape. The
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spherical shape of the paternal pronuclei in control and cnep-1 embryos also
indicates that nuclear expansion occurs isotopically.
Interestingly, embryos arrested in S-phase continue to expand long after
(500s after control), suggesting that the early embryo resources are abundant. In
line with this examination of nuclear size and cell size in C. elegans, shows that
scaling between the two does not occur until approximately the four-to-eight-cell
stage (Hara and Kimura 2009).This suggests that after this stage some factor
becomes limiting, whatever that might be, remains unclear. I have collected some
preliminary data examining nuclear import at various developmental stages
(Figure 5.15). Nuclear import in the two- and four-cell are comparable and reach
similar maximum values, before they enter NEBD (Figure 5.15A and B). However,
by the eight-cell stage, nuclear import levels start to decrease compared to the
earlier stages (Figure 5.15C). One possible explanation for this is that the
availability of transport machinery begins to decrease during development
(Brownlee and Heald 2018; Jevtić, Mukherjee, et al. 2019).
Utilizing the early C. elegans embryo, I show that early embryos balance
the levels of nuclear import and incorporation of membranes to regulate nuclear
expansion rates. The decreased nuclear expansion that occurs in embryos
depleted of ndc1 is likely due to the decreased number of NPCs and reduced
nuclear transport. Normally, the availability of transport receptors is the limiting
factor in rates of nuclear import (Ribbeck and Görlich 2001). This suggests that the
number of NPCs in embryos lacking ndc1 is low enough that they now become
limiting for the rates of nuclear transport. My data shows that the rates of nuclear
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transport are not the only governing factor for nuclear size. By increasing the
supply of membranes, the decreased import rate can be overcome, and nuclear
size is rescued. Interestingly, recent work shows that there is a direct link between
the fly homolog of CNEP-1 and NPC biogenesis (Jacquemyn et al. 2021). More
work will be required to determine if a similar link exists in C. elegans. However, it
is unlikely that simply having more NPCs would be responsible for this rescue
because the loss of cnep-1 exacerbates the import defects of ndc1 RNAi depletion.
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Figure 5.1 Nuclei continuously expand during the one-cell stage
Confocal images of wildtype one-cell stage paternal pronuclei expressing
Nup160:GFP from confocal time-lapse video. Scale bar, 5 μm.
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Figure 5.2 Nuclei size varies during development and in different tissues
(A-C) Confocal representative images of one-cell stage embryo (A), 32-64-cell
stage (B) and adult worm gonad (C) expressing Nup160:GFP. Scale bar, 10 µm
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Figure 5.3 Quantitative determination of the spherical shape of pronuclei in
wildtype embryos
(A) diSPIM representative 3D projection of wildtype one-cell stage embryo and a
90 degree rotation. (B) Crop of from diSPIM image untracked and tracked by
jFilament plugin in FIJI. Nuclear volume was estimated using the radius of the
central slice and calculated by measuring the area of each slice of the nucleus. (C)
Plot of estimated and nuclear volume for 4 different embryos. Open circle is
estimated volume and closed circle is calculated volume.
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Figure 5.4 MATLAB script to semi-automatically measure nuclear size in C.
elegans embryos
(A) Schematic of nuclear size analysis pipeline. Left, images are collected under
indicated conditions and then made into maximum projections. Images are then
analyzed using custom MATLAB script. Right, example maximum projection
images before and after image segmentation using MATLAB. Nuclei are traced in
blue. (B) Maximum projection montage of control one-cell stage paternal pronuclei
expressing GFP:H2B, scale bar, 5 μm. (C) Left, Plot of average paternal
pronuclear diameter and individual traces, n = number of nuclei measured. Right,
Plot of average paternal pronuclear volume and individual traces. Volume was
calculated based on diameter in left. Note: The same control data is used for plots
in 5.4C 5.6B, 5.7B and 5.8B.
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Figure 5.5 Validation of MATLAB measurements using jFilament plug-in in
FIJI
Plot of Average paternal pronuclear volume using two different indicated
quantification methods. n = number of nuclei measure. At lowest end n = 3 and at
highest end n = 19. Average ± S.D. is shown.
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Figure 5.6 Cell cycle arrested nuclei continue to expand compared to
wildtype nuclei
(A) Confocal representative images of one-cell stage embryo from time lapse video
under indicated conditions. (B) Plot of average paternal pronuclear volume.
Average ± S.D. is shown. Note: The same control data is used for plots in 5.4C
5.6B, 5.7B and 5.8B.
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Figure 5.7 Nuclei lacking lamin grow more slowly than control nuclei
(A) Confocal representative images of paternal pronuclei under indicated
conditions from a time-lapse video. Scale bar, 5 µm. (B) Plot of average nuclear
volume for first 200s of nuclear expansion. Average ± S.D. is shown. Note: The
same control data is used for plots in 5.4C 5.6B, 5.7B and 5.8B.
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Figure 5.8 Nuclear expansion is increased in cnep-1 deleted embryos and
decreased in ndc1 RNAi depleted embryos
(A) Confocal representative images of paternal pronuclei under indicated
conditions from a time-lapse video. Scale bar, 5 µm. (B) Plot of average nuclear
volume. Average ± S.D. is shown. Note: The same control data is used for plots
in 5.4C 5.6B, 5.7B and 5.8B.
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Figure 5.9 cnep-1D nuclei are spherical and larger than control nuclei
(A) diSPIM representative 3D projection of cnep1D one-cell stage embryo and a
90-degree rotation. (B) Plot of estimated and nuclear volume for 5 different
embryos. Open circle is estimated volume and closed circle is calculated volume.
(C) Plot of average nuclear volume for indicated conditions. Average ± S.D. is
shown.
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Figure 5.10 Loss of cnep-1 partially rescues the decreased nuclear
expansion of ndc1 RNAi depleted nuclei in one-cell stage embryos
(A) Left, Confocal representative images of paternal pronuclei under indicated
conditions from a time-lapse video. Scale bar, 5 μm. Right, plot of paternal
pronuclear diameter. (B) Confocal representative images of paternal pronuclei
under indicated conditions from a time-lapse video. Scale bar, 5 μm. (C) Plot of
average nuclear volume.
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Figure 5.11 Loss of cnep1 partially rescues the decreased nuclear size of
ndc1(RNAi) depleted nuclei in two-cell stage embryos
Plot of average nuclear volume for indicated conditions. Average ± S.D. is shown.
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Figure 5. 12 Depletion of ndc1 in embryos lacking cnep1 further delays
nuclear import after mitosis
(A) Confocal images of mitotic embryo and chromosome region from time series
relative to anaphase onset with indicated markers and in indicated conditions.
Scale bar, 5 μm. (B) Plot of nuclear to cytoplasmic ratio of GFP:NLS-LacI for
indicated conditions. n = number of embryos. Average ± S.D. is shown.
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Figure 5.13 cnep-1 loss doesn’t rescue the number of Nup160:GFP
cytoplasmic puncta or levels of nup160:GFP at the kinetochore
(A) Maximum projection confocal overview images of one-cell stage embryo from
a time lapse series of indicated markers for indicated conditions. Scale bars, 10
µm. (B) Plot of average number of Nup160:GFP cytoplasmic puncta at indicated
time points relative to PC regression and for indicated conditions. (C) Line scan
profiles of fluorescence intensities of indicated markers at the kinetochore.
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Figure 5.14 Loss of cnep1 does not rescue nuclear size in nup153 RNAi
depleted nuclei
(A) Confocal representative images of paternal pronuclei under indicated
conditions from a time-lapse video. Scale bar, 2.5 μm. (B) Plot of average
nuclear volume.
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Figure 5. 15 Nuclear import rates during development
(A-C) Top, Confocal images of mitotic embryo and chromosome region from time
series relative to anaphase onset with indicated markers and in indicated
conditions. Scale bar, 5 μm. Bottom, Plot of average total nuclear fluorescence
of GFP:NLS. n = number of embryos. Average ± S.D. is shown.
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Chapter 6: Conclusions and Future Perspectives
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Conclusions
Ndc1 serves as a dynamic regulator of post-mitotic NPC assembly
Post-mitotic NPC assembly is an essential process in organisms that
undergo open mitosis, to ensure the rapid establishment of nuclear transport and
normal nuclear function. Over the last two decades our understanding of this
process has expanded greatly and many of key players are now known. However,
except for one study that placed the transmembrane nucleoporins on reforming
membranes (Rasala et al. 2008), the role of transmembrane nucleoporins during
this process is only partially understood. Most prior work exploring the role of Ndc1
in NPC biogenesis has utilized fixed cell imaging and binary assays after in vitro
nuclear assembly sources. Although this work has been informative to the broad
role of Ndc1 in NPC assembly, the dynamics and mechanism by which Ndc1
functions has remained largely unknown.
By employing a combination of live cell imaging, fixed cell imaging and EM
tomography, I specifically examine the role of Ndc1 during NE reformation after
the first mitosis in C. elegans. In addition, utilizing C. elegans eliminates any
challenges of phenotypes associated with Ndc1 function in insertion of the spindle
pole body in budding and fission yeast, and allows me to examine the downstream
organismal phenotypes of improper NPC assembly. I show that Ndc1 is specifically
required early during post-mitotic NPC assembly to facilitate the incorporation of
the Y-complex. My work also addresses the long standing, but untested hypothesis
that Ndc1 resides in the NE to anchor the NPC to the membrane (Mansfeld et al.
2006). Rather than being part of the immobile structural core of the NPC, Ndc1 is
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highly dynamic at the NE arguing for a role as a regulator for NPC assembly,
potentially as a catalytic membrane adaptor for the NPC scaffold. Interestingly,
NPCs are assembled, albeit much fewer, even in the absence of Ndc1, highlighting
the fact that cells utilize numerous pathways to build a structure as essential as
the NPC. In line with this, I find that embryos lacking ndc1 do survive to hatching
and reach adulthood, although some worms are sicker than others.
Ndc1 and Nup53 function independently to regulate post-mitotic NPC
assembly
My work also highlights that Ndc1 and Nup53 both contribute to NPC
assembly after mitosis in at least partially independent ways. Depletion of most
nucleoporins causes high levels of embryonic lethality, including nup53 (Galy,
Mattaj, and Askjaer 2003). Interestingly, depletion of ndc1 by RNAi does not cause
embryonic lethality as in the deletion. I used this discrepancy to my advantage to
uncover a genetic interaction between ndc1 and nup53. Specifically, ndc1 RNAi
depletion exacerbated the lethality in a sensitized nup53 background and live cell
imaging revealed these embryos fail to assemble a proper nucleus or establish
nuclear transport.
Ndc1 promotes nuclear envelope expansion while CNEP-1 limits growth
While nuclear size defects have long been associated with different cancers
(Zink, Fischer, and Nickerson 2004; Petersen et al. 2009; Edens et al. 2013) and
used as a diagnostic tool by physicians, our understanding of mechanisms that
control nuclear size has only recently become clearer. Nuclear size regulation is a
combination of how much nuclear transport occurs and how much membrane is
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available to facilitate NE expansion. My work highlights two factors, Ndc1 and
CNEP-1 that regulate nuclear expansion through nuclear trafficking and
membrane availability, respectively. The overabundance of ER membranes is also
enough to overcome the nuclear import related defects associated with ndc1 RNAi.
One possible explanation for this rescue is that Ndc1 itself also regulates
membranes incorporation in some capacity and when more membranes are
provided, its requirement is overcome. To truly test the rescue of the nuclear size
phenotype the cnep-1D strain will need to be crossed to ndc1D strain. Additionally,
it will be informative to see if the embryonic lethality associated with ndc1D is
rescued either partially or fully in this background, which would suggest that
nuclear size directly is detrimental to the survival of the organism.
Interestingly, the loss of cnep-1 does not rescue the nuclear size defect
associated with Nup153. nup153 RNAi depletion more severely impacts nuclear
transport than ndc1 RNAi, so it is possible that increased membrane supply can
only overcome certain levels of transport defects. Furthermore, Nup153 is a key
factor in interphase NPC assembly, and another possible explanation for the failure
to rescue nuclear size is that excess membranes cannot overcome decreased
NPC assembly during interphase. However, it is not known whether early embryos
utilize this pathway and will be discussed in more detail below. In the future it will
be essential to determine if loss of cnep-1 can rescue the smaller nuclear size
associated with other nucleoporins. This can be done by depleting other
nucleoporins by RNAi in the cnep-1D background and screening for nuclear size
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defects with a NE marker, which is a similar approach utilized previously in a
genome wide screen in C. elegans (Sönnichsen et al. 2005).
Remaining questions
How does Ndc1 facilitate post-mitotic NPC assembly?
My data shows Ndc1 is a highly dynamic component of the NPC, rather
residing in the NE to anchor the NPC to the NE. This dynamic nature suggests that
Ndc1 is playing a role as a potential regulator during NPC assembly, possibly as
a dynamic membrane adaptor. Recent EM analysis of ER membranes during
mitosis shows the inner- and outer-ring associate with fenestrations and help
template NPC assembly after mitosis (Chou et al. 2021). Although this work nicely
shows the association of these nucleoporins, the localization of other nucleoporins
to these holes, such as Ndc1 or other transmembrane members remains unknown.
As a transmembrane nucleoporin Ndc1 also localizes throughout the ER, but it
would be interesting if Ndc1 was enriched at the edges of these ER fenestrations,
or if loss of Ndc1 changed their size or abundance. Work in budding yeast shows
that Ndc1 helps to maintain the proper diameter of the NPC and when its gone
diameters are enlarged (Madrid et al. 2006). This data suggests that a chief
function of Ndc1 is to maintain the proper membrane environment for NPC
assembly.
Thus, one possible hypothesis is that Ndc1 promotes the stable
incorporation of the Y-complex at the NPC by maintaining the proper membrane
environment or curvature. Interestingly, loss of all three transmembrane
nucleoporins in Aspergillus nidulans does not prevent NPC assembly, suggesting
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that they might be dispensable in certain contexts (Liu et al. 2009). However, loss
of Ndc1 was lethal when members of the Y-complex were also depleted,
suggesting a possible genetic interaction. Furthermore, deletion of Ndc1 and
members of the Y-complex sensitized cells to the membrane fluidizer benzyl
alcohol (Liu et al. 2009), suggesting that each may redundantly regulate
membrane stability.
Ndc1 interactions in C. elegans?
Given that Ndc1 binds to Nup53 in numerous organisms tested thus far
including yeast and vertebrates (Mansfeld et al. 2006; Onischenko et al. 2009;
Eisenhardt, Redolfi, and Antonin 2014; Linder et al. 2017), it is likely that a similar
interaction exists in C. elegans, but direct binding experiments are needed to
confirm this. In addition, the importance of the Ndc1-Nup53 interaction in vivo
needs to be explored. To investigate this relationship, I generated different point
mutations to potentially disrupt the interaction, but my preliminary data was
inconclusive. If mutations that disrupt this interaction are identified, the early
embryo offers an excellent environment to examine the importance for NPC
assembly, stability, and disassembly. More work will also need to be performed in
C. elegans to determine if Ndc1 only binds to Nup53. For example, C. elegans lack
Pom121, which binds directly to Nup160 of the Y-complex (Mitchell et al. 2010).
This does not indicate that Ndc1 would now bind Nup160, but it is possible that
Ndc1 evolved overtime to potentially interact with other nucleoporins given the
slightly different composition of the NPC in C. elegans.
Interphase NPC assembly?
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While my thesis work has mainly focused on the role of Ndc1 during postmitotic NPC assembly, it remains unclear whether embryos, which undergo rapid
cell cycles, utilize the interphase mechanism (Figure 1.4 and Figure 1.6). During
interphase the number of NPCs roughly doubles as new NPCs are assembled into
the intact NE (Maul, Price, and Lieberman 1971). This process occurs on a
drastically slower timescale than the post-mitotic NPC assembly pathway (hours
versus minutes) and in part is due to the slow recruitment of Pom121 (Dultz and
Ellenberg 2010). How then could embryos with short cell cycles utilize this
method? One possibility is that embryos only utilize interphase assembly later
during embryogenesis when the cell cycle length is increased.
Using Xenopus egg extracts in vitro nuclear assembly shows that mutation
of a key residue (V47E) in nup153 specifically disrupts an amphipathic helix
required for NPC assembly, but not the other functions of the NPC (Vollmer et al.
2015). Simply depleting nup153 by RNAi, is not sufficient to answer this question
because NE reformation after mitosis does not occur properly (these embryos
experience significant chromosome segregation defects) and nup153 is essential
(Figure 6.1A). To begin to investigate the possibility that early embryos utilize the
interphase mechanism, I generated a point mutation in nup153 at a conserved
residue (V12E) that disrupts a potential N-terminal amphipathic helix in CeNup153.
Because depletion of Nup153 is 100% lethal and I would not know the phenotype
of this mutation a priori, I generated this mutation in the background of endogenous
nup153. To deplete only endogenous nup153 and determine the phenotype of the
point mutant, I re-encoded the nup153wt and nup153V12E to be RNAi resistant.
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Interestingly, the nup153V12E was not lethal, suggesting that Nup153V12E at least
met Nup153’s requirement in chromosome segregation (Figure 6.1B). I next
crossed these nup153 mutant alleles to different fluorescent markers, with the end
goal of monitoring nuclear import and NPC formation after mitosis and during
interphase of the two-cell stage cycle. Additionally, I would image later stages in
development to characterize when or if this mechanism is used.
Annulate lamellae in early C. elegans embryos?
Recent work in Drosophila suggests that AL serve as a source for both
NPCs

and

membranes

during

the

rapid

cell

cycles

of

fly

embryogenesis(Hampoelz, Mackmull, Machado, Ronchi, et al. 2016; Hampoelz,
Andres-Pons, et al. 2019)These structures have also been observed in C. elegans
embryos as well, but their contribution to NPC assembly and membrane
incorporation remains unknown (Pitt, Schisa, and Priess 2000). In chapter 2 of my
thesis, I show the presence of cytoplasmic Nup160 puncta that share similar
characteristics as AL and are dependent upon Ndc1 for their formation. One
possibility is that these structures represent AL, but further experimentation will
need to be performed to confirm this. CLEM using the Nup160:GFP strain would
allow us to uncover if these puncta localize to ER membranes in the cytoplasm. I
also sometimes observe directional movement of these puncta towards the
nucleus, but this does not mean that they are incorporated into the NE. To explore
this observation further, the use of a photo-activatable or photo-convertible tagged
nucleoporins to monitor incorporation. Further work is also required to investigate
the mechanisms that govern the movement of these puncta towards the pronuclei.
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Preliminary experiments knocking down dynein did not appear to stop their
movement, but another possibility is that their movement is controlled by
cytoplasmic flow or random diffusion (Strome 1986; Oegema and Hyman 2006).
Possible redundancy with other transmembrane nucleoporins?
The main two transmembrane nucleoporins in C. elegans are Ndc1 and
gp210. Loss of gp210 in C. elegans has a wide range of phenotypes associated
with NPC distribution, nuclear shape, NEBD, and is partially essential (Cohen et
al. 2003; Audhya, Desai, and Oegema 2007; Galy et al. 2008; Bahmanyar et al.
2014). Recently a third transmembrane nucleoporin has been uncovered,
TMEM33 (Cohen-Fix and Askjaer 2017), but its role in NPC assembly, nuclear
transport and NE growth is currently not well understood. It is possible that there
is a degree of redundancy between the transmembrane nucleoporins. To address
this, embryonic lethality in and ndc1D strain plus RNAi of the other transmembrane
nucleoporins will need to be tested. However, arguing against this possibility, when
both Ndc1 and Nup53 are decreased, nuclear assembly completely fails,
suggesting that the remaining transmembrane nucleoporins are unable to
compensate for Ndc1.
Membrane flow?
Recent work in yeast suggests that during NE expansion membrane flow is
regulated by the INM protein Lem2p (Kume et al. 2019). Interestingly, in addition
to Nup153 being required for proper nuclear size, depletion of nup153 by RNAi
also leads to the formation of GFP:LEM-2 puncta/accumulations at the NE (Figure
6.2A). I also noticed that these puncta appear to increase in size as the embryos
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progress during the one cell stage (Figure 6.2B). The number of these
puncta/accumulations varied from embryo to embryo, but at least one was present
in each embryo (Figure 6.2C and D). It is currently unclear what these
accumulations represent, but an interesting possibility is that they are regions
where membrane flow is being blocked by excess LEM-2. However, arguing
against that possibility is the fact that these begin to form, when the majority of NE
growth has already occurred in control nuclei (Figure 6.1A-D). More work will be
required to determine the relationship of these puncta to Nup153 and nuclear
expansion. How membrane sheets incorporate into the NE to drive nuclear growth
is not well understood. Visualization of membrane addition into the NE from the
ER will require both high temporal and spatial resolution. An approach that could
satisfy these requirements is lattice light sheet microscopy (Chen et al. 2014).
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Figure 6.1 LEM-2:GFP forms puncta on the nuclear envelope after
nup153(RNAi)
(A) Maximum projection confocal overview images of one-cell stage embryo
expressing LEM-2:GFP for indicated conditions. Scale bar, 10 μm. (B) Zoom in of
square in A (right). Scale bar, 5 μm. (C) Plot of individual traces for number of
GFP:LEM-2 NE associated puncta. (D) Plot of average GFP:LEM-2 NE
associated puncta. n = 17

176

Figure 6.2 A point mutation in a potential amphipathic helix of nup153 does
not cause embryonic lethality
(A and B) Plot of percentage embryonic lethality for indicated conditions. N =
number of worms. n = number of embryos.
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Materials and Methods
Strain maintenance and generation
The C. elegans strains used in this study are listed in the key resource table.
Strains were maintained on nematode growth media (NGM) plates that were
seeded with OP-50 Escherichia coli. Strains were grown at three possible
temperatures: 15°C, 20°C and 25°C.
CRISPR-Cas9 deletion strain
The deletion for ndc1/npp-22 (B0240.4) was generated using two CRISPR
guides “crRNA”, which were obtained using IDT’s custom CRISPR guide algorithm
(see key resource table for sequences). 1 μl of the purified crRNAs were annealed
to 1 μl of trans-activating crRNA (tracrRNA) by incubating RNAs at 95 DC for two
minutes in individual PCR tubes. A co-CRISPR crRNA was used for dpy-10. An
injection mix with the following components and concentrations was set up and
spun down for 30 minutes: at 4°C; ndc1 guide 1 (11.7 μM), ndc1 guide 2 (11.7 μM),
purified Cas9 protein (qb3 Berkeley, 14.7 μM), dpy-10 guide (3.7 μM) and a dpy10 repair template (29 ng/mL) (Arribere et al. 2014; Paix et al. 2015)
The RNA-protein mix was then injected into the gonads of N2 adult worms,
which were then allowed to recover for three days. After this recovery, F1 progeny
were screened for a roller phenotype and 10-20 F1s were singled out to individual
plates. These roller worms were allowed to produce progeny, which were then
genotyped by PCR to detect the presence of the npp-22/ndc1 deletion allele. The
deletion strain was outcrossed four times to N2 (ancestral strain) worms before
use and characterization.
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CRISPR-Cas9 with SEC repair template for endogenous tagging
To endogenously tag ndc1 with mNeonGreen and mRuby, a self-excising
cassette (SEC) repair template approach was utilized. 950Bp homology arms from
the five- and three prime-end of ndc1’s stop codon were cloned into an SEC vector.
This plasmid was co-injected with a Cas9 +ndc1 guide plasmid into the gonads of
adult N2 worms. Worms were rescued to individual plates and allowed to recover
for three days at 20°C. Plates were screened for roller worms and positive plates
were treated with approximately 200-300 μl of hygromycin B (20 mg/mL) and were
allowed to recover for four-five days. Plates that had surviving rolling worms were
screened for mNeonGreen or mRuby signal by microscopy. Finally, worms were
outcrossed four times to N2 worms, before crossing to other fluorescent markers.
The reencoded region of exon 5 for npp-7 was subcloned into the injection
vector pCFJ151 for integration at the Uni-MOS site of chromosome II (FrøkjærJensen et al. 2008). Young adults for the unc119 strain were injected with
subcloned injection vector (15ng/ul), MOS transposase (pCJ601, 50ng/ul), Prab3::mCherry (pGH8, 10 ng/μl), Pmyo-3::mCherry (pCFJ104, 5 ng/μl), and Pmyo2::mCherry (pCFJ90, 2 ng/μl). The three fluorescent plasmids were used to
determine the successful integration of the transgene into the genome. Strain
integration was confirmed with PCR using two sets of primers. Transgenic lines
were then crossed to relevant strains.
RNAi
Primers were designed to amplify a 200-1000bp region within a gene of
interest, see key resource table for list of primers used. Primers were designed to
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amplify from within a single exon whenever possible. N2 gDNA or cDNA was used
as a template for PCR, which in turn was purified and used in T3/T7 reverse
transcription reactions (MEGAscript, Life Technologies). The synthesized RNAs
were purified using phenol-chloroform and resuspended in 1X soaking buffer (32.7
mM Na2HPO4, 16.5 mM KH2PO4, 6.3 mM NaCl, 14.2 mM NH4Cl). RNA reactions
were annealed at 68°C for 10 minutes followed by 37°C for 30 minutes. dsRNAs
were brought to a final concentration of ~2000 ng/μl whenever possible and 2-μl
aliquots of the dsRNA were stored until use at –80°C. For each experiment, prior
to injection, a fresh aliquot was diluted to ~1000ng/μl and centrifuged at 13,000
rpm for 30 minutes at 4°C. 0.35μl of the diluted dsRNA was loaded into the back
of hand pulled capillary needles and injected into the gut of L4 worms. Worms were
rescued to plates seeded with OP-50 and allowed to recover for ~24 hours prior to
imaging or lethality analysis.
Lethality quantifications
L4 worms were injected with indicated dsRNA and allowed to recover for 24
hours at 20°C. 24 hours post-injection worms were then singled out and allowed
to self-fertilize for an additional 24 hours. Worms were transferred to another plate
for a final 24 hours, then disposed of. Plates corresponding to 24-48 hours and 4872 hours post-injection were then scored for hatched larvae and unhatched
embryos. Prior to counting, embryos were given 24 hours to hatch. The total
number of embryos and larvae were combined for each time window to calculate
embryonic lethality and brood size. A similar approach was used for noninjected
control worms and worms containing deletion alleles.
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Immunoblots
Generation of whole worm lysate
For a given condition, a microcentrifuge tube was filled with 30 μl of M9
Buffer and the fill line was marked with a black marker. For each condition 35 adult
worms were then placed in the microcentrifuge tube and washed three times with
M9+0.1% Triton. After the final wash tubes were brought up to a final volume of 30
μl. Then, 10 μl of 4x sample buffer was added and the tubes were mixed. The
samples were then sonicated at 70°C for 15 minutes, followed by incubation for
five minutes at 95°C. Samples were re-sonicated at 70°C for an additional 15
minutes. Worm lysates were stored at -20°C until they were run on an SDS-PAGE
protein gel.
Protein gel electrophoresis and antibody probing
For all protein gels, homemade 8%-10% SDS-PAGE were used. Worm
lysates were re-boiled at 95°C for five minutes and then 20 μl (~17.5 worms) were
loaded into each lane. The protein gel was then run at 80V for 15 minutes to fully
collapse samples. The protein gel was then run at 120V for approximately 90
minutes, or until the sample buffer reached the bottom of the gel. Protein samples
were then transferred overnight (16 hours at 4°C) to a nitrocellulose membrane at
100mA. Membranes were blocked in fresh PBST for one hour at room
temperature; membranes were then cut based on size and incubated overnight
with the following primary antibodies: 1 μg/mL mouse α-alpha-tubulin (EMD
Millipore), 1 μg/mL mouse mAb414 (Biolegend), rabbit α-NPP-5/Nup107 (1:300),
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rabbit α-NPP-10N/Nup98 (1:500), rabbit α-NPP-10C/Nup96 (1:500), and rabbit αNPP-19/Nup53 (1:1000).
Membranes were then rinsed three times quickly with PBST followed by
four five-minute washes. Membranes were then incubated with appropriate
secondary antibodies for one hour at room temperature. Secondary antibodies
were diluted 1:5000 for horseradish peroxidase (HRP)-conjugated goat-anti-rabbit
and 1:7000 for HRP-conjugated goat-anti-mouse (Thermo Fischer Scientific).
Membranes were rinsed and washed as described above. Prior to image
acquisition membranes were incubated with Clarity Max Western ECL Substrate
(BIO-RAD) for four minutes and then excess reagent was removed.
Immunofluorescence
Slide preparation
Microscope

slides

(Fisher

Scientific

Premium

Microscope

Slides

Superfrost) were coated with 0.1% polylysine and dried on a low temperature heatblock. Slides were then baked at 95 °C for 30 minutes. Slides were used the same
day that they were baked.
Fixation and primary antibody incubation
15-20 adult worms were picked into a 4 μl drop of ddH2O and covered with
a standard 18x18mm coverslip. Embryos were pushed out of the adult worms by
pressing down on the corners of the coverslip with a pipet tip. To crack the eggshell
and permeabilize the embryos, slides were placed in liquid nitrogen for ~fiveminutes. Coverslips were quickly removed by using a razor blade to pop off the
coverslip. Slides were then fixed in pre-chilled 100% methanol at -20 °C for 20
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minutes. Following fixation slides were washed two times in 1X PBS+ 0.2% Tween
20 (PBST) at room temperature for 10 minutes each. After the second wash,
samples were blocked with 50 µL of 1 % BSA in PBST per slide in a humid
chamber for one hour at 20°C. Slides were then incubated overnight at 4°C with
primary antibodies diluted in PBST (45 μl per slide; rabbit α-LMN1, 1 μg/mL, mouse
mAb414 2.5 μg/mL, rabbit α-NPP-5/Nup107 (1:300), rabbit α-NPP-19/Nup53
(1:300), and rabbit α-MEL-28/Elys (1:500).
Secondary antibody incubation and DAPI +Hoechst staining
After overnight primary antibody incubation, slides were washed two times
in (50 μl per slide) PBST at room temperature for 10 minutes each. Following the
second wash, slides were incubated at 20°C for one hour in the dark with
secondary antibodies diluted in PBST (45 μl per slide, anti-rabbit Cy3/Rhodamine,
1:200; anti-mouse FITC, 1:200; [Jackson Immunoresearch]). Slides were again
washed two times in (50μl per slide) PBST at room temperature for 10 minutes
each in the dark. Samples were stained with 1 µg/mL Hoechst (diluted from a 1
mg/mL stock in H2O). Slides were washed two final times in (50μl per slide) PBST
at room temperature for 10 minutes each in the dark. Finally, mounting media
(Molecular Probes ProLong Gold Antifade Reagent with DAPI) was added to each
sample. Coverslips were gently placed onto the slides and adhered with clear nailpolish. Slides were allowed to dry at 20°C and then stored at –20°C until they were
imaged.
Image acquisition
Live microscopy
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First, 2% agarose imaging pads were made using molten agarose (95°C)
on a glass slide. Adult hermaphrodites were then dissected on glass slides and the
embryos were transferred to two percent agarose imaging pads using a mouth
pipette at (∼20°C). Embryos were organized using an eyelash tool to group similar
stage embryos. Images were acquired every 20 seconds. Five z-slices were taken
for each time point with 2-μm steps. Images were acquired on an inverted Nikon
Ti microscope equipped with a confocal scanner unit (CSU-XI, Yokogawa). Two
solid state lasers (100-mW 488-nm and 50-mW 561-nm) were used in conjunction
with a 60x objective lens (Å~ 1.4 NA pan Apo). Images were recorded with a highresolution ORCA R-3 Digital CCD Camera (Hamamatsu).
Fluorescence recovery after photobleaching (FRAP)
First, 2% agarose imaging pads were made using molten agarose (95°C)
on a glass slide. Adult hermaphrodites were then dissected on glass slides and
two-cell stage embryos were transferred to two percent agarose imaging pads
using a mouth pipette at (∼20°C). Embryos were organized using an eyelash tool
to group similar stage embryos. A stimulation ROI was then drawn on a region of
the NE of an AB nucleus (two cell stage embryo). Three images were taken prior
to stimulation/bleaching of the ROI by a 100 nW, 405 nm laser. Images were then
acquired for the remainder of the cell cycle, until NEBD. Images were taken every
10s with 1 z-slice taken per time point.
Microdevice imaging
Fabricated microdevices were initially cleaned with ddH20 and then filled
with .75x egg salts (Carvalho et al. 2011). Three worms were placed in the
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microdevice and dissected to release early embryos. One-cell stage embryos were
pushed into the imaging wells using an eyelash tool. Embryos floated to the bottom
of the well and then were imaged every 10 seconds with 11 slices taken at 2-μm
steps. Hydroxyurea drug treatment was performed as followed. Five-hours prior to
imaging, adults were transferred to plates seeded with OP-50 bacteria
supplemented with 75mM hydroxyurea. Plates were incubated at 20°C.
Microdevices were filled with 75mM hydroxyurea and .75x egg salts. Embryos
were dissected and imaged as described above.
Fixed microscopy
Immunofluorescent images were acquired on an inverted Nikon Ti Eclipse
microscope. This microscope was equipped with solid state 100 mW 405, 488,
514, 594, 561, 594, and 640 nm lasers, a Yokogawa CSU-W1 confocal scanner
unit, a 60x 1.4 NA plan Apo objective lens, and a prime BSI sCMOS camera.
qPCR
For each strain (10-15 medium plates) unsynchronized populations of adult
worms were washed with 1x M9 buffer into 15-ml conical tubes. Worms were
washed with five mL of M9, three times. After the final wash, the buffer was
removed from the worm pellet and the samples were frozen at –80°C. Next an
approximate 100 µl worm pellet was ground using a motorized micro pestle. 1 mL
of Trizol was then added to the ground worm pellet and the mixture was vortexed
for 15 minutes at room temperature. Following vortexing, 200µl of chloroform was
added to the sample. The Trizol-chloroform mixture was then briefly vortexed (15s)
followed by an incubation at room temperature for five minutes. Next the solution
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was spun for 15 minutes at 4°C (12,000 rpm). To extract the total RNA, the upper
aqueous layer was removed (approximately 500µl) and transferred to a new
microcentrifuge tube. 500 µl of isopropanol was added to the tube and it was
inverted six times.
To precipitate the RNA, the solution was incubated at room temperature for
10 minutes followed by a 10-minute spin 4°C (12,000 rpm). The supernatant was
discarded, and the pellet was washed in 1 mL of 75% ethanol by inverting once
and vortexing for 10s. To pellet the RNA, the solution was spun for 5 minutes at
4°C (7500 rpm), the supernatant was removed, and the pellet was air-dried at room
temperature for 5 minutes. The pellet was resuspended in 87 µl of RNase-free
water and incubated at 37°C for 15 minutes. After incubation, the isolated RNA
was mixed with 10 µl NEB Buffer 4, 1 µl of 50 µM CaCl2, and 2 µl Ambion Turbo
DNase and incubated at room temperature for 15 minutes. The RNA/DNase
reaction was cleaned with a phenol-chloroform extraction and eluted in 20 µl of
RNase free water. 500ng of total RNA was reverse transcribed using Invitrogen
Super- Script II Reverse Transcriptase kit. The cDNA was stored at –20°C.
For qPCR reactions, cDNA (~ 1200 ng/μl) was diluted fivefold and pre-pared
for amplification using a BioRad SYBR Green Supermix Kit with the primers for
nucleoporin genes listed in key resource table as well as pmp-3 primers. For each
biological replicate (two wildtype and two ndc1D), four technical replicates were
performed. Reactions were loaded into a 384-well plate for amplification. The
reactions were amplified, and Ct values measured using a BioRad CFX 384 qPCR
machine. An annealing temperature of 55°C was used for all genes. After
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amplification, Ct values for each nucleoporin gene were normalized to pmp-3, and
the fold change relative to the control was calculated using the 2–(ΔΔCt) method
(BioRad).
Transmission Electron Microscopy
Sample preparation
Wild-type N2 and SBW83 C. elegans hermaphrodites were dissected in M9
buffer and single embryos early in mitosis were selected and transferred to
cellulose capillary tubes (Leica Microsystems, Vienna, Austria) with an inner
diameter of 200 μm. The embryos were observed with a stereomicroscope until
cleavage furrow ingression in late anaphase and then immediately cryoimmobilized using a LEICA ICE high-pressure freezer (Leica Microsystems,
Vienna, Austria). Freeze substitution was performed over 3 d at -90 °C in
anhydrous acetone containing 1 % OsO4 and 0.1 % uranyl acetate using an
automatic freeze substitution machine (EM AFS, Leica Microsystems, Vienna,
Austria). Epon/Araldite infiltrated samples were flat embedded in a thin layer of
resin, polymerised for 2 d at 60 °C, and selected by light microscopy for remounting on dummy blocks. Serial semi-thick sections (200 nm) were cut using an
Leica Ultracut S Microtome (Leica Microsystems, Vienna, Austria). Sections were
collected on Pioloform-coated copper slot grids and poststained with 2 % uranyl
acetate in 70 % methanol followed by Reynold’s lead citrate.
Data acquisition by electron tomography
Colloidal gold particles (15 nm; Sigma-Aldrich) were attached to both sides
of semi-thick sections collected on copper slot grids to serve as fiducial markers
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for subsequent image alignment. For dual-axis electron tomography, series of tilted
views were recorded using an F20 electron microscopy (Thermo-Fisher, formerly
FEI) operating at 200kV at magnifications ranging from [5000x-6500x] and
recorded on a Gatan US4000 (4000px X 4000px) CCD or a Teitz TVIPS XF416
camera. Images were captured every 1.0° over a ± 60° range.
3D reconstruction and automatic segmentation of microtubules
I used the IMOD software package (http://bio3d.colourado.edu/imod), which
contains all the programs needed for calculating electron tomograms. For image
processing the tilted views were aligned using the positions of the colloidal gold
particles as fiducial markers. Tomograms were computed for each tilt axis using
the R-weighted back-projection algorithm.
Nuclear envelope and NPC segmentation and measurement
The IMOD software package was used to segment the NE and NPCs in
cntrl and ndc1D tomograms. Regions of continuous nuclear membranes were
traced in the “non-core” region of the reforming NE. Three criteria were used to
distinguish nascent NPCs from simple NE holes, 1) the gaps between the two
membrane edges were less than 100nm, 2) the two membrane edges tapered to
a point suggesting there was fusion of the inner and outer NE, and 3) there was
stretches of continuous membranes above and below the gap.
Image analysis
Nuclear import analysis
To determine the fluorescence intensity of NLS-LacI∷GFP inside the
nucleus of one- and two-cell stage embryos, the chromatin was traced with either

188

the freehand or circle tool in FIJI . Camera background was determined by drawing
a 50x50 pixel box in vacant areas of the video. Average cytoplasmic values were
determined by drawing a 20x20 pixel box inside the embryo. The nuclear to
cytoplasmic ratio (N:C) was determined by subtracting the average camera
background from each value and then the nuclear value was divided by the
cytoplasmic value. To account for differences in nuclear size, this ratio was then
multiplied by the nuclear area. This process was repeated for each time point and
condition.
Nuclear tubulin analysis
To determine the fluorescent intensity of GFP∷TBA inside the nucleus of
one- or two-cell stage embryos, the chromatin was traced with either the freehand
or circle tool in FIJI . Camera background was determined by drawing a 50x50
pixel box in vacant areas of the video. Average cytoplasmic values were
determined by drawing a 20x20 pixel box inside the embryo. The nuclear to
cytoplasmic ratio (N:C) was determined by subtracting average camera
background from each value and then the nuclear value was divided by the
cytoplasmic value. To account for differences in nuclear size, this ratio was then
multiplied by the nuclear area. This process was repeated for each time point and
condition.
Line scan analysis of two-cell stage embryos
A three-pixel wide by 10-micron long line was drawn and centered on the
nucleus to determine the fluorescence intensity. The line was then redrawn
perpendicular to the first and a second measurement was taken. The values from
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these two lines were then averaged to give the fluorescence intensity of the NE.
The average value of the first and last 2 points of each line were used to subtract
background from the rest of the line. These values were then plotted against the
relative position along the line.
Line scan analysis of immunofluorescence images
A three-pixel wide by five-micron long line was drawn and centered on the
NE. The line was then redrawn perpendicular to the first and a second
measurement was taken. The values from these two lines were then averaged to
give the fluorescence intensity of the NE. The same line scan was relocated to a
clear area of the video to get the average intensity for camera background. Finally,
to account for wide differences in fluorescence intensity, the data was normalized
by dividing each value by the maximum fluorescence intensity. The final
fluorescent intensities were then plotted against the relative position along the line.
Additionally, the normalized value at the NE was divided by the first five values on
the line to determine the NE:cytoplasmic ratio or by the last five values to determine
the NE:nucleoplasmic ratio.
Quantification of Nup160:GFP Puncta and colocalization with Ndc1:mRuby
To determine the number of NPP∷GFP puncta/aggregates in the cytoplasm
of one-cell stage embryos, maximum projections were generated using FIJI. The
puncta were then tracked using the TrackMate plugin in FIJI (Tinevez et al. 2017).
This process was repeated to determine the number of puncta in ndc1, npp-7 RNAi
depleted embryos. To determine the colocalization between the Nup160:GFP
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puncta and Ndc1:mRuby puncta, three-pixel wide line scans were drawn in each
channel and plots were overlayed
FRAP analysis:
To evaluate the amount of recovery for Nup160:GFP and Ndc1en:mNG , a
rectangular ROI was used to measure the average fluorescence intensity of the
NE before and after photobleaching. These values were normalized to the prebleach frame and graphed relative to bleaching. To calculate the mobile/immobile
fraction as well as the T1/2, the data was fit to the exponential equation f(t)=A*(1exp(-tau*Time). To obtain the best fit, the parameters were fitted to the data using
nonlinear least squares in R-studio.
Nuclear diameter measurement using MATLAB
Images captured on the Nikon spinning disc confocal microscope were
converted into maximum projections with FIJI. Videos were saved as image
sequences (.jpg) and read by the MATLAB script. Paternal pronuclei were
segmented using a fluorescent threshold to transform the images into binary.
Nuclear diameter was calculated using the MALTAB function “regionprops” for
each time frame. The surface area (formula) and volume (4/3*pi*r^3) were
calculated using the radius for the paternal pronucleus.
Nuclear volume calculation using MATLAB
Images captured on the diSPIM microscope were deconvolved using
CytoShow to generate videos with isotropic resolution. The paternal pronucleus
were then cropped in a 75x75 pixel box. For each time point and Z slice, the
nuclear rim was tracked using the jFilament plugin in FIJI and the coordinates of
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the ROI snake were saved. A folder containing the relevant data was read by
MATLAB. For each nuclear slice the geometric coordinates were used to calculate
the polygonal area, which was then multiplied by .1625 (thickness of Z slice). The
sum of these slices corresponded to the volume of the paternal pronucleus. For
each timepoint the widest slice of the nucleus was used to calculate the theoretical
nuclear volume. This theoretical volume was then compared to the calculated
volume to determine how spherical the pronuclei were. This analysis was
performed for wildtype and cnep-1D embryos and, in both cases, the calculated
values fell within 10% of the theoretical volume.
Statistical Analysis
All data points are reported in graphs and error bar types are noted in figure
legends. Statistical analysis was performed on datasets with multiple samples and
independent biological repeats. The type of test used, sample sizes, and P values
are reported in figure legends or in text (P < 0.05 defined as significant). Statistical
tests were performed using GraphPad Prism.
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Table 1: Key Resource Table
REAGENT or RESOURCE
Antibodies
mouse α-alpha-tubulin

SOURCE

IDENTIFIER

Millipore Sigma

mouse mAb414

Biolegend

rabbit α-NPP-5/Nup107
rabbit α-NPP-10N/Nup98
rabbit α-NPP-10C/Nup96
rabbit α-NPP-19/Nup53
rabbit α-MEL-28/Elys
Rhodamine RedX Donkey α rabbit IgG

Askjaer Lab
Askjaer Lab
Askjaer Lab
Askjaer Lab
Askjaer Lab
Jackson Immuno

FITC Goat α mouse IgG

Jackson Immuno

Goat α mouse IgG-HRP

Thermo Fisher

Goat α rabbit IgG-HRP

Thermo Fisher

Cat#05-829; RRID:
AB_310035
Cat# 902907;
RRID:
AB_2734672
N/A
N/A
N/A
N/A
N/A
Cat#711-295-152
; RRID:
AB_2340613
Cat#115-095-146;
RRID:
AB_2338599
Cat#31430; RRID:
AB_228307
Cat#31460; RRID:
AB_228341

Chemicals, peptides, and recombinant proteins
Clarity Max Western ECL Substrate
Critical commercial assays
MEGAscript T3 Transcription Kit
MEGAscript T7 Transcription Kit
Experimental models: Organisms/strains
C. elegans: Strain N2: wild-type (ancestral)
C. elegans: Strain OD83: mCherry:histone (H2B) +
GFP:MAN-1 (LEM-2)
C. elegans: Strain OD997: unc-119(ed3)III;
ltSi231[pNH16; Pmel-28::GFP-mel-28; cb-unc119(+)]II; ; ltIs37[pAA64; pie-1/mCherry::his-58;
unc-119 (+)] IV
C. elegans: Strain OD999: unc-119(ed3)III;
ltSi245[pNH42; Pnpp-18::GFP-npp-18; cb-unc119(+)]II; ltIs37[pAA64; pie-1/mCherry::his-58; unc119 (+)] IV
C. elegans: Strain OD1496: unc-119(ed3)III;
ltSi464[pNH103; Pmex-5::npp-6::GFP::tbb-2
3'UTR; cbunc-119(+)]I; ltIs37[pAA64; pie1/mCherry::his-58; unc- 119 (+)] IV

BIO-Rad

1705060S

Invitrogen
Invitrogen

Cat# AM1338
Cat# AM1334

Caenorhabditis
Genetics Center
Oegema/Desai lab

N2

Oegema/Desai lab
Hattersley et al.
2016

OD997

Oegema/Desai lab
Hattersley et al.
2016

OD999

Oegema/Desai lab
Hattersley et al.
2016

OD1496

OD83
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C. elegans: Strain OD1498: unc-119(ed3)III;
ltSi465[pNH104; Pmex-5::npp-15::GFP::tbb-2
3'UTR; cb-unc-119(+)]I; ltIs37[pAA64; pie1/mCherry::his-58; unc-119 (+)] IV

Oegema/Desai lab
Hattersley et al.
2016

OD1498

C. elegans: Strain OD1499: unc-119(ed3)III;
ltSi463[pNH102; Pmex-5::npp2::GFP::tbb-2 3'UTR;
cb- unc-119(+)]I; ltIs37[pAA64; pie-1/mCherry::his58; unc-119 (+)] IV

Oegema/Desai lab
Hattersley et al.
2016

OD1499

C. elegans: Strain OD2400: ltSi896[pNH152 ;
Pgsp-2::GSP-2::GFP; cb-unc-119(+)]I;
ltIs37[pAA64; pie-1/mCherry::his-58; unc-119 (+)]
IV

Oegema/Desai lab
Hattersley et al.
2016

OD2400

C. elegans: Strain SBW32: unc-119(ed3) III; ltIs24
[pAZ132; pie-1/GFP::tba-2; unc-119 (+)]; ltIs37
[(pAA64) pie-1p::mCherry::his-58 + unc-119(+)] IV
C. elegans: Strain SBW47:unc-119(ed3) III; ltIs37
[pie-1/mCherry::his-58; unc-119 (+)] IV; ltIs75
[Ppie-1/GFP::TEV-Stag::LacI + unc-119(+)].
C. elegans: Strain SBW56: npp-22 (tm1845/nT1) V
7x outcrossed
C. elegans: Strain SBW74: unc-119(ed3)III; sbwSi7
[pSB347; npp-7 2kB::npp-7 (WT) RR (AA: 729810); cb-unc-119(+)]II
C. elegans: Strain SBW83: npp-22 (sbw4) V, 4x
outcrossed

Penfield et al. 2018

SBW32

Penfield et al. 2020

SBW47

This study

SBW56

This study

SBW74

This study

SBW83

C. elegans: Strain SBW84: unc-119(ed3) III;
bqSi242 [lem-2p::lem-2::mCherry + unc-119(+)] IV;
ltIs75 [(pSK5) pie-1::GFP::TEV-STag::LacI + unc119(+)].
C. elegans: Strain SBW88: unc-119(ed3)III;
sbwSi10 [pSB349; npp-7 2kB::npp-7 (V12E) RR
(AA: 729-810); cb-unc-119(+)]II
C. elegans: Strain SBW191: npp-19(tm2886) 6x
outcrossed
C. elegans: Strain SBW244: ndc1::mNeonGreen
(sbw8)-4x outcrossed

This study

SBW84

This study

SBW88

This study

SBW191

This study

SBW244

C. elegans: Strain SBW246: npp-19(sbw10)
(S311E+S318E)

This study

SBW246

C. elegans: Strain SBW248: npp-19(sbw12)
(T357E)

This study

SBW248

C. elegans: Strain SBW252: unc-119(ed3) III; ltIs
76 [pAA178; pie-1/mCherry:SP-12; unc-119 (+)];
ndc1::mNEON (sbw8)-4x outcrossed

This study

SBW252
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C. elegans: Strain SBW254:bqSi242 [lem-2p::lem2::mCherry + unc-119(+)] IV.; ndc1::mNeonGreen
(sbw8)-4x outcrossed
C. elegans: Strain SBW260: npp-19(tm2886)
outcross 6x; (unc-119(ed3)III; ltSi464[pNH103 ;
Pmex-5::npp6::GFP::tbb-2 3'UTR; cb-unc-119(+)]I)
C. elegans: Strain SBW266: npp-19(tm2886)
outcross 6x; unc-119(ed3) III; ltIs37 [pAA64; pie1/mCHERRY::his-58; unc-119 (+)] IV; ltIs75
[(pSK5) pie-1::GFP::TEV-STag::LacI + unc-119(+)].

This study

SBW254

This Study

SBW260

This Study

SBW266

C. elegans: Strain SBW293: (unc-119(ed3)III;
ltSi464[pNH103 ; Pmex-5::npp6::GFP::tbb-2
3'UTR; cb-unc-119(+)]I) V; ndc1::mRuby (sbw14)4x outcrossed
C. elegans: Strain EG8079: oxTi179[ttTi5605
landing NeoR unc-18(+)] II; unc-119(ed3) III
Oligonucleotides
T3 primer for dsRNA targeting npp-22 (ndc1)
Forward:
AATTAACCCTCACTAAAGGCCCGCCTCCATATA
CAGTTC
T7 primer for dsRNA targeting npp-22 (ndc1)
Reverse:
TAATACGACTCACTATAGGTGTCAATGGCTGCA
ATGAGT
T3 primer for dsRNA targeting npp-7 (nup153)
Forward:
AATTAACCCTCACTAAAGGGTTCCTGCCACAAT
TCCAGT
T7 primer for dsRNA targeting npp-7 (nup153)
Reverse:
TAATACGACTCACTATAGGCTTGTAGACGATGC
AGCACC
T3 primer for dsRNA targeting npp-19 (nup53)
Forward:
AATTAACCCTCACTAAAGGCACCACCTCTTCGA
TCTCTTC
T7 primer for dsRNA targeting npp-19 (nup53)
Reverse:
TAATACGACTCACTATAGGTTTGTGCACTGAAC
GACTCC
npp-22/ndc1 (B0240.4) start of gene CRISPR
guide: AGTGAATTAGAGTTCCAAAC
npp-22/ndc1 (B0240.4) end of gene CRISPR
guide: AGGAACACTCACGAACCATT
npp-22/ndc1 qPCR primer forward:
AGCTGTTTCCTTGCCTTGTG
npp-22/ndc1 qPCR primer reverse:
TCTTGGCATCAGGAGAGCAT

This study

SBW293

EG8079

This Study

oSB226

This Study

oSB227

This Study

oSB405

This Study

oSB406

This Study

oSB407

This Study

oSB408

This Study

N/A

This Study

N/A

This Study

oSB1521

This Study

oSB1522
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pmp-3 (C54G10.3) qPCR primer forward:
GGTCATCGGTATTCGCTGAA
pmp-3 (C54G10.3) qPCR primer reverse:
GAGGCTGTGTCAATGTCGTG
Recombinant DNA
Plasmid: PDD122, CRISPR-Cas9
Plasmid: pSB446; CRISPR npp-22/ndc1 guide
inserted using gibson-assembly)
Plasmid: pBS-LL-mNG
Plasmid: pSB448; 1kb homology arms of npp22/ndc1 C-term inserted into pBS-LL-mNG using
gibson-assembly)
Plasmid: LL-mRuby
Plasmid: pSB603; 1kb homology arms of npp22/ndc1 C-term inserted into LL-mRuby using
gibson-assembly)
Plasmid: pSB347; npp-7 +~2kb upstream and
750bp downstream with a re-encoded region
aa729-810 in pCFJ151
Plasmid: pSB349; npp-7 +~2kb upstream and
750bp downstream with a V12E mutation and reencoded region aa729-810 in pCFJ151
Software and algorithms
FIJI (ImageJ)

This Study

oSB1599

This Study

oSB1600

Hastie et al. 2020
This Study

N/A
pSB446

Hastie et al. 2020
This Study

N/A
pSB448

This Study
This Study

N/A
pSB603

This Study

pSB347

This Study

pSB349

NIH

IMOD Version 4.11

University of
Colorado

https://imagej.net/F
iji
RRID:
SCR_002285
https://bio3d.colora
do.edu/imod/

GraphPad Prism 8/9
R Studio Version 1.2.5033

GraphPad
R Studio, INC

MATLAB

MathWorks, INC

Adobe Illustrator

Adobe

N/A
https://www.rstudio
.com
https://www.mathw
orks.com/products/
matlab.html
https://www.adobe.
com

Other
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